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ABSTRACT

High Strength Concrete (HSC) has become a viable alternative to lower strength 
concrete. However, its utilisation is increasing faster than the development of suitable 
design recommendations. This is because limited and diverse investigations have been 
carried out concerning engineering properties and structural behaviour of HSC. The 
experimental investigation and theoretical considerations described in this thesis have 
been undertaken as an attempt to start to remedy this problem.

As part of the investigation into the structural behaviour of HSC beams, a series of 18 
different concrete mixes were tested in order to optimise HSC mixes using local 
aggregates. The effect o f different factors such as w/c ratios, silica fume and 
superplasticizer dosages on compressive strength and splitting tensile strengths in the 
range of 80 to 120 N/mm2 (MPa) were studied. Additionally, new mathematical 
expressions were developed to replace some of the currently used relationships 
concerning HSC as a material, for a wide range of concrete mixes.

The second part of this investigation concerned the structural behaviour o f singly 
reinforced HSC beams in flexure. A total of 13 beams were manufactured using selected 
concrete mixes obtained from the first part o f the investigation, i.e., 80, 100 and 120 
MPa respectively. The size of the beam specimens was determined in order to make the 
beam fail in flexure, and also to be sufficiently large to simulate a real structural 
element of HSC. There were three beams in each of four groups, with the exception of 
group two which had four. For each group of beams the tensile reinforcement ratios 
were 1.03%, 1.42%, 1.94%, and 4.04% respectively. The test variables were thus the 
concrete strength and the longitudinal reinforcement ratio.

The third part of this investigation concerned the structural behaviour o f doubly 
reinforced HSC beams in flexure. Four beams were cast and tested using the same



criteria of the singly reinforced beams. The variables considered were tensile and 
compressive reinforcement ratios.

All beams in flexure were tested in a closed-loop testing machine under incrementally 
increased loading. Based on experimental evaluations and analytical considerations, 
the results are presented in terms of load-deflection characteristics, moment-rotation 
relationship, flexural strength capacity o f high strength reinforced concrete (HSRC) 
beams, sectional ductility, crack patterns and surface crack width. Further, theoretical 
analyses were undertaken to idealise the nature of the concrete stress block developed 
in HSRC beams from elastic to ultimate load condition. In other words, proper 
idealisations of stress blocks were suggested in order to calculate the ultimate flexural 
capacity of HSRC members in good accuracy with experimental data obtained. The 
proposed equations have demonstrated rigorous outcomes on the flexural design of 
HSRC beams, providing a means of determining the internal forces in the context of 
compatibility of strains and equilibrium conditions of concrete. Additionally, the 
existing code of practice recommendations (BS 8110) were critically examined at 
ultimate strength capacity for HSRC beams having concrete strengths far beyond the 
limits normally considered in the code.

The fourth part of this investigation concerned the shear capacity of HSRC beams. A 
total of 23 reinforced concrete beams, with and without shear reinforcement, were tested 
to determine their diagonal cracking and ultimate shear capacities. In beams without 
web reinforcement the shear span/ depth ratio was kept constant at 2 whilst concrete 
strength and flexural reinforcement ratio were varied. The concrete strength was varied 
from 40 to about 120 MPa while the steel reinforcement ratios were 1.94%, 2.92% and 
4.04%. In beams with web reinforcement the variables were the same as beams without 
web reinforcement but in addition the a/d ratio was varied as 1.5, 1.75,2 and 2.6. One 
series of beams were cast with a preformed smooth inclined crack in order to remove 
aggregate interlock capacity. The effect o f different parameters on shear capacity,
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structural behaviour in terms of load-deflection response, shear contribution carried by 
different mechanisms and shear ductility of HSRC beams were studied. In addition, an 
evaluation of some existing expressions from codes of practice used in calculating the 
shear stress were carried out to determine their applicability to HSRC beams. From 
this, new design equations have been developed to predict the ultimate shear stress of 
HSRC beams.
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CHAPTER 1

INTRODUCTION

1.1 General

In general terms, as the review suggests high strength concrete (HSC) may be defined 
as any concrete which satisfies performance criteria not usually achieved by concrete 
ordinarily available. Meanwhile, concrete which provides substantially improved 
resistance to environmental influences, i.e., durability under service conditions, or 
substantially enhanced mechanical properties is indeed high performance concrete. 
HSC can be produced using relatively high cement contents, or using admixtures 
such as superplasticizer and supplementary cementitious materials such as silica 
fume. Moreover, the production of such concrete requires special attention to be paid 
to the mix ingredients. A survey of available literature addressing the characteristics 
of HSC mixes indicates that while there has been a significant amount of research 
conducted, the research lacks coherence.

During the past few years, HSC has been generating increasing interest amongst 
civil and structural engineers. The commercial use of this new material is expanding 
steadily, and this can be explained partially by the life cycle cost-performance ratio 
it offers, as well as its outstanding engineering properties!84]. These outstanding 
properties justify its use in structures in a number of cases in spite of its somewhat 
higher initial cost than normal strength concrete (NSC). In short, HSC is now being 
considered for a much wider range of structural applications!97]. However, from the 
literature it is clear that while a number of international research investigations are 
currently being undertaken with the aim of spreading its applications, only limited 
research is being undertaken in the UK.
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The flexural design recommendations in codes of practice are derived from research 
conducted essentially on NSC up to 50 MPa compressive strength. Also, recent 
studies^4’9! dealing with the concrete stress-strain behaviour have shown that 
significant differences exist between normal and high strength concretes. In view of 
this, the current design recommendations of BS 8110 must be assessed in relation to 
high-strength members in flexure.

A survey of the published literature addressing the flexural behaviour of high 
strength reinforced concrete (HSRC) members has shown that most of the previous 
studies have been limited to strengths of up to only 80 MPa, and were aimed to 
verify the ACI code recommendations. Accordingly there appears to be no existing 
research work which has been carried out to verily the BS 8110 design 
recommendations for HSC beams under flexure. An assessment of design 
requirements for HSRC beams having strengths in excess of 80 MPa is required to 
supplement the provisions of the code of practice.

Additionally, despite the amount of research work that has been carried out on HSC 
as a material, additional work on the behaviour of structural elements using HSRC 
subjected to shear is required. Information regarding the shear ductility, shear 
contribution of different elements and failure mode mechanisms for HSRC beams is 
almost non- existent.

Overall, the research reported herein is an attempt to bridge some of these gaps and 
remedy some problems related to the engineering properties and structural behaviour 
of HSRC beams in flexure and shear.
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1.2 Definition of High Strength Concrete

High strength concrete is a term related to the obvious and dramatic changes in the 
field of concrete technology with such material and the associated potential of novel 
forms of construction over the past few decades.

Normal weight HSC has been defined as concrete with density of about 2400 kg/m3 
having compressive strengths in the range of 55 to 85 MPa. Concrete with 
compressive strength varying between 35 to 55 MPa is defined as medium strength 
concrete (MSC), and that with concrete compressive strength below 35 MPa as low 
strength concrete (LSC). The definition of HSC adopted in this research investigation 
is 'a workable concrete with cube compressive strengths in the range of 75 to 120 
MPa at 28 days'. One must remember, that to achieve concrete strength in this range 
implies the use of two additives, namely superplasticizer and silica fume.

1.3 Objectives of the Investigation

The overall purpose of this investigation was to go some-way towards determining 
information which fills the present gaps in fundamental engineering knowledge of 
HSC in a manner which is directly useful in the field of concrete technology and 
structures. The objectives can be stated as follows:
1. To optimise the constituents of concrete mixes having compressive strength in the 

range of 70 to 120 MPa following a trial batch programme techniques by 
studying the effect of different factors such as w/c ratio, cement content, silica 
fume and superplasticizer on the compressive strength and splitting cylinder 
strength of HSC mixes.

2. On the basis of the experimental results and using the statistical analysis, the 
existing relationships between the compressive strength and the splitting cylinder
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strength will be evaluated for HSC. An attempt will be made to develop a new 
relationship for a wide range of HSC mixes.

3. On the basis of the experimental results and the available literature a mathematical 
expression will be developed in order to predict the compressive strength of HSC 
mixes in terms of their constituents proportions.

4. To evaluate HSC as a material for use in a typical civil engineering structure,i.e., 
beams under flexure, through a substantial experimental and theoretical 
investigation. A comparison will be made between the experimental and 
theoretical results of load-deflection, moment-rotation, surface cracking patterns 
and surface crack width of HSRC beams. In addition, the ductility of HSRC 
beams will be evaluated in the context of the data obtained.

5. On the basis of experimental data and theoretical analysis made, the current design 
ultimate limit state stress block of BS 8110 will be evaluated for HSRC beams in 
flexure. If appropriate alternative idealisations of the stress block will be 
suggested in order to predict the ultimate moment capacity of HSRC beams.

6. To evaluate the shear capacity of HSRC beams through a programme of 
experimental and theoretical investigation including the effects of different 
parameters on the shear strength, e.g., concrete compressive strength (feu), 
longitudinal reinforcement ratio (p) and shear span to depth ratio (a/d). The 
structural behaviour in terms of load-deflection response, the shear ductility and 
ductility index of HSRC beams and the shear contribution which is provided by 
different mechanisms, e.g., the aggregate interlock, compression zone and dowel 
action will also be studied.
Various expressions from existing codes of practice used in estimating the shear 
capacity of beams will be considered to determine if changes are necessary for 
safe and economical use of HSC, leading to the development of design equations 
in order to predict the ultimate shear capacity of HSRC beams.
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7. In the context of above study, the physical mechanism of the diagonal shear crack 
by which failure is initiated, and the behaviour of the diagonal shear crack by 
which failure is propagated will be studied in some details.

1.4 Scope and Format

The state of current knowledge, determined through a comprehensive review of past 
research work related to HSC particularly materials, behaviour of reinforced 
concrete members in flexure and shear capacity of reinforced concrete beams is 
presented in Chapter 2. The programme of work for HSC in flexure is described in 
Chapter 3 to 5.
Chapter 3 describes in detail the development of HSC mixes and the manufacture 
and testing procedures of reinforced concrete specimens in flexure. All the 
experimental results in flexure are presented in Chapter 4 while Chapter 5 deals with 
theoretical considerations and comparison with experimental results related to HSC 
as a mix as well as HSRC beams in flexure. This includes load-deflection 
characteristics, analysis for ultimate flexural strength of HSRC beams, ductility and 
ductility indices and surface crack width.

The experimental programme in shear is presented in Chapter 6 which includes the 
specimen details, testing procedure and material used. Chapter 7 provides an analysis 
of all the experimental results on shear, including the effect of different variables on 
shear stress, load-deflection behaviour, crack pattern development, estimation of 
shear transfer contribution carried by different mechanisms and shear ductility of 
HSRC beams. Chapter 8 deals with theoretical considerations in shear and considers 
the mechanism of beam shear failure, propagation mechanism of diagonal shear 
crack and the analysis methods of shear transfer mechanism.
The overall conclusions and recommendations for further research needed are given 
in chapter 9.
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Five appendices are also included in this thesis. Appendix A contains tables of load- 
flexural strains at mid-span along depth of all beams tested. Appendix B incudes 
tables of characteristic mid-span load deflection curves for both experimental and 
analytical data. Appendix C contains tables pertaining to the characteristic mid-span 
moment-rotation curves while Appendix D presents the load-strain curves of tensile 
reinforcements, pictorial views of cracking patterns of HSRC beams at different load 
stages, sample calculations of ultimate moment capacity of a typical beam and the 
calculated versus measured shear stress of HSRC beams .
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CHAPTER 2

LITERATURE REVIEW

In this chapter the results of the review of extensive published literature of high 
strength concrete are presented in four sections:
Section one deals with the properties of high strength concrete incorporating silica 
fume.
Section two deals with the structural behaviour of high strength concrete beams in 
flexure.
Section three reports on shear capacity of reinforced concrete beams.
Section four presents the main conclusions drawn from the literature reviewed on 
high strength concrete from both materials and structural behaviour point of view.

2.1 Section One: Properties of High Strength Concrete

2.1.1 Effect of silica fume on high strength concrete 
a. Strength
Yogendran et a/.I149! investigated the efficiency of silica fume in influencing the 
strength of HSC at different water-cement ratios and dosages of silica fume. A high 
strength concrete mix with no air entrainment was designed to achieve a 28 day 
compressive strength in the range of 50 to 70 MPa by optimising some of the factors 
that affect the compressive strength. The mix parameters for the HSC's were selected 
after several trial mixes without using either silica fume or superplasticizer,i.e., 
control mix. In all the concrete tested, the silica fume replacement percentages by 
weight were varied from 0 to 30 percent. Aggregate-cement ratios by weight for all 
the concretes varied from 3.0 to 3.5. Three main series of concrete were tested: series 
1 contained concretes in which the quantity of mixing water was adjusted to maintain 
a constant slump of 50 mm for each silica fume replacement; in series 2 water-
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cement ratio was kept constant at 0.34 as silica fume contents were varied; series 3 
consisted of concretes with water-cement ratios of 0.34 and 0.28. The slump in 
series 1 was maintained at 50 mm by varying the dosage of superplasticizer. The test 
specimens were 300 x 150 mm cylinders for compressive strength. The main 
conclusions were: for series 1 concretes with 5 to 30 % replacement of cement by 
silica fume there was no increase in water demand for up to 5% replacement. A 5 % 
replacement produced the highest compressive strength at 7 and 28 days,i.e., 
optimum level of cement replacement. Silica fume dosages of 25 and 30 percent 
produced lower strengths at all test ages. For series 2 concretes with a constant 
water-cement ratio, and 5 % of silica fume replacement, no change in slump was 
observed compared to that of the control mix. The compressive strengths at 7, 28, 
and 56 days of concrete with 5% replacement were slightly higher compared with 
those of the control mix. For series 3 it was concluded that with 0.34 w/c ratio the 
amount of superplasticizer required to maintain the slump of 50 mm increased 
linearly for 10 to 30% replacement, while at 5 % replacement no superplasticizer was 
required. Similar conclusions were drawn by Hjorthl63] from a similar experimental 
programme. Furthermore, the maximum compressive strength of mixes with a w/c 
ratio of 0.34 was at 15 % silica fume replacement at all ages tested. However, for 
concrete with a w/c ratio of 0.28 and 5, 10 and 15% silica fume replacement level, 
the strength at 28, 56 and 91 days decreased compared to control concretes even at 
5% replacement, as shown in Fig. 2.1. It was further noted that with silica fume 
replacement at 20% much lower compressive strengths were observed. Similar 
results were also obtained by Tut140! and Gjorvt57] who reported that the inclusion 
of silica fume increased the cohesiveness and stability of fresh concrete and 
moreover, that even a small amount of silica fume generally improved the 
mechanical properties of concrete.
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Fig. 2.1- Effect o f silica fum e and age on strength 
at 0.28 w/c ratio. [149]
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Bentur and Goldman^! investigated the effect of curing on the strength and 
physical properties of high strength silica fume concretes. The results were evaluated 
and compared with reference to Portland cement concrete, having either the same 
cement content as the silica fume concrete or the same w/c ratio. They concluded 
that: in the presence of silica fume, the concrete compressive strength increased 
markedly, especially at 28 days. This observation was recently confirmed by 
Novokshchenovn02] for silica fume dosage of 20%, and by Mak et a /J851 at 8% of 
silica fume dosage.

Aitcin and Laplantet14! investigated the long-term compressive strength of silica 
fume concrete. They reported the results of compressive strength tests on 4 to 6 years 
old cores obtained from well documented field experiments where both silica fume 
and non-silica fume concrete mixes were used. All the concrete specimens were 
exposed to freeze and thawing cycles and heavy de-icing salt applications. The 
results clearly showed that silica fume field concretes did not experience any strength 
loss compared to the non-silica fume concretes. Also, the compressive strength test 
results obtained from concrete cores taken after a 4-year period from an 
experimental column built with a very high strength concrete confirmed that there 
was no tendency for strength loss in silica-fume concretes. On the other hand, a 
study carried out by Carettet32! on the long term strength of silica fume concretes 
contradicted the above. He concluded that losses in compressive strength occurred 
between 90 days and 4 years on silica fume high strength concretes cured in air. This 
latter result was confirmed by De Larrad et a/J46] ? 0n silica fume concretes having 
28 day strength of 100 MPa when tested at 4 years.

Recently research work has been carried out by Cong et a/J421 which aimed to 
investigate the role of silica fume in influencing the compressive strength of the 
constituent phases of cement paste, mortar and concrete. They put forward an 
explanation for the role of silica fume in influencing the strength of concrete in terms
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of its observed ability to strengthen the bond between cement paste and aggregate. 
Their tests were accomplished using concretes with w/c ratio ranging from 0.30 to 
0.39 in mixes incorporating (i) no admixtures, (ii) a superplasticizer only and (iii) 
silica fume and a superplasticizer. They concluded that a partial replacement of 
cement by silica fume exhibits an increased compressive strength, which was due to 
the improved strength characteristic of its cement paste. They also concluded that a 
reduction in the strength of the concrete mix occurred at higher dosages of 
superplasticizer due to segregation.

Mor et a/J93l studied the fatigue of HSRC. Both lightweight and normal weight 
aggregate concretes were tested under reversible loading under both submerged and 
air dry conditions. Fatigue capacity of light weight aggregate concrete was similar to 
or better than that of normal weight aggregate concrete of similar strength properties. 
They found that fatigue capacity of HSRC directly related to the bond between 
concrete and reinforcement and not to any other strength property. Moreover, the 
addition of silica fume to light weight aggregate concrete improved its bond by 100 
% and its fatigue life by over 60 %. On the other hand, no significant improvement 
was observed when silica fume was added to normal weight aggregate concrete.

b. Durability
Cabrerra and Claissei30! studied the chloride penetration into silica fume concrete as 
chloride induced corrosion of reinforcement is a major factor affecting the service 
life of concrete structures. The likely effect of using silica fume to reduce chloride 
penetration was measured by using a ponding type experiment and by an electrical 
method. They concluded that due to the special nature of the silica fume HSC mixes 
the electrical tests were not a reliable way of measuring the effect of chloride 
penetration. However, they observed that HSC mixes were less permeable than the 
OPC mixes. Chloride penetration and corrosion of reinforcement in concrete 
containing silica fume was also investigated by Kazuyuki et a l\741. They concluded
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that the use of silica fume could effectively reduce the chloride penetration of 
concrete and improve the protective function of concrete against the chloride 
corrosion of steel bars. The recommended replacement ratio of silica fume was 
approximately 10% by weight of cement. This replacement dosage was supported 
by Tachibana et tf/J13°] who reported freezing and thawing test results which showed 
that HSC containing 10% silica fume was durable with almost no scaling observed. 
Furthermore, it was confirmed by Tachibana!130] and Benturand and Goldman!22] 
that silica fume HSC exhibited less drying shrinkage than conventional OPC; the 
creep coefficients were also significantly smaller compared with those of non-silica 
fume concretes. Figs. 2.3, and 2.4 show the significant effect of silica fume on creep, 
and drying shrinkage of HSC.

Bickley et alX23] investigated the permeability and strength of in-situ HSC in the 68 
storey Scotia Plaza in Toronto. With the thought of strength loss of silica fume 
concretes after long exposure to humidity the strength and quality of the concrete in- 
situ at ages up to 2 years were determined. The compressive strength of cores drilled 
from columns were compared with compressive strength of standard cylinder tests. A 
total of 16 core specimens were collected. Eight of the cores were tested in air dry 
condition at an age of approximately 1 year. The other eight cores were sealed at 1 
year and tested in an air diy condition at an age of approximately 2 years. For 
permeability tests: three specimens were tested at approximately 1 year of age to 
determine water, and chloride permeability in accordance with AASHTO T277. 
Three other specimens were similarly tested at an age of approximately 2 years. 
Throughout the test period satisfactory concrete of low permeability to water and 
chloride was obtained. Also, a petrographic examination showed that the concrete at 
1 and 2 years was sound and free of any evidence of developing deleterious 
reaction,i.e., micro cracking. The latter result was also confirmed elsewhere by 
Sarkar et alXU1  ̂ for HSC's. The compressive strength test results showed that the 
strength of the in-situ cores was less than the standard cured cylinders by about 15%.
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On the other hand, the core strengths at the age of 2 years were slightly higher than 
those at the age of 1 year.

Another investigation carried by Wolsiefed14^  'concerning strength and durability 
of silica fume high strength concrete' concluded that the useful dosage rate of silica 
fume is 20% by weight of cement as f cu is concerned. On the other hand, freeze- 
thaw, abrasion resistance, and de-icer scaling tests were also conducted in order to 
investigate the durability of HSC. It was concluded that high strength concrete 
exhibited low expansion and weight loss percentages along with a high durability 
factor, low abrasion resistance, and low scaling rating. Moreover, HSC was found to 
be much more resistant to attack by ammonium nitrate solution when silica fume 
was incorporated in the mix. Overall it was emphasised by WolsiefeH148! that HSC 
is a superior product than ordinary concrete, with enhanced engineering properties 
of the concrete mixes.

Bunetd28! studied the performance characteristics of silica fume concrete in a 
variety of HSC structures. The significant benefits and potential of silica fume 
concretes were clearly proven throughout the high level of construction activity in 
Melbourne which provided the impetus to spur the development of silica fume 
concrete for different applications,i.e., shotcrete for site retention, high strength and 
very high strength concrete, pumped concrete for tall buildings, increased resistance 
to aggressive ground water, tunnel linings and precast concrete piles. It was 
concluded by Burnett that the need and market for silica fume concrete was strong 
for the many possible applications,e.g., reduction in construction costs, faster 
construction, different construction methods, improved resistance to attack by 
chemicals and aggressive water, reduction in corrosion of the reinforcement, and 
improvement in durability and permeability.
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Fig. 2.2- Variation o f compressive strength at 
constant slump. [149]

Fig. 2.3- Change in length due to drying shrinkage. [130]
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2.1.2 Effect of superplasticizer
Supeplasticizers have become an essential component in the production of HSC and 
a majority of the references in this review reports their use. They scatter floes of fine 
cementitious particles and lower the viscosity of cement paste in concrete as reported 
by Sarkar et alS1181, Detwiler et al\ 481 and Aitcin H5].
Superplasticizers allow workable concretes to be produced even with water/binder 
ratio of 0.22, as reported by Mak et a/J82k On the other hand, they do not increase 
the compressive strength of concrete when used at a constant water/binder ratio, as 
reported by Jerath and YamaneJ67!. The efficiency of superplasticizer may depend 
upon the specific cementitious binder with which it is used for HSC's.
Investigators such as NagatakU96! and Aitcin et al\ u 1 suggested that sulphonated 
naphthalene superplasticizers were more efficient than those with a melamine base. 
However, it was recommended to select the most effective combination of 
superplasticizer and cementitious binder based on testing.

Watanabet145! and Adwan et al.&] also observed that the loss of workability that 
generally occurs with time after the addition of superplasticizers can be recovered by 
a second addition of about 30% of the initial dosage without affecting the concrete 
strength. On the other hand, Aictint1 *] reported that it was necessary to use a retarder 
accompanied by a superplasticizer to obtain a slump of 75 to 100 mm after one hour 
for a 100 MPa concrete strength; moreover, it was necessary to use a second addition 
of superplasticizer prior to placing. Consequently, Watanabe concluded that for a 
given slump, superplasicized HSC might require periods of vibration two or three 
times longer than those for normal strength concrete.

2.1.3 Effect of aggregate
The reviewed publications showed that a wide range of coarse, natural aggregates 
can be used in the production of HSC. Moreover, it was frequently stated that the 
highest concrete strengths were obtained with crushed rocks as reported by
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Saucier!120], Aitcin!10] and ACI 363 report!16], whilst there are reports of gravel and 
rounded aggregates producing strengths up to 140 MPa as reported by Burge!29] and 
Godfrey !58].

Ezeldin et alX52J studied the effect of coarse aggregate types on the compressive 
strength, flexural strength, and flexural strength/compressive strength ratio of normal 
and HSC. They found that for normal strength concrete the coarse aggregate did not 
greatly influence the mechanical properties. However, the HSC containing limestone 
aggregates (Type C) produced higher compressive strength than the concrete 
containing either gravel aggregates (Type A & B) or granite aggregates (Type D), see 
Fig. 2.5. According to this investigation the flexural strength of HSC was not 
affected by the aggregate type, see Fig 2.6. Further, it is worth noting that from test 
investigations made by Mak et a / i82], the compressive strength of HSC is highly 
dependent on both type and grading of aggregates.
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Fig. 2.4- Creep characteristics o f HSC. [130]

COMPRESSIVE STRENGTH,MPA

Fig. 2.5- Aggregate type effect on compressive strength. [52]
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Baalbaki et alX^1 studied the influence of coarse aggregate on elastic properties of 
HSC. All the concrete mixes were made with different types of crushed 
rocks,i.e.,Limestone, Quartzite, and Sandstone. From the experimental results it was 
found that the highest strength was reached by sandstone concrete and the lowest by 
quartzite concrete at any given age. The elastic moduli of lime and quartzite 
concretes were very similar and higher than the elastic modulus of sandstone 
concrete, see Fig. 2.7. The shape of the loading -unloading stress-strain curve of lime 
and quartzite concrete is similar to that found by Aitcin and Mehtat13!. The higher 
porosity of sandstone, the mineralogy, and the texture may also have influenced the 
elastic modulus and played a certain role on the observed non-linear behaviour of the 
loading stress-strain curve. Baalbaki et al. concluded that the elastic modulus of HSC 
is strongly influenced by the elastic properties of coarse aggregates and that the
present formula relating the elastic modulus Ec to the compressive strength,i.e., 
Ec = 3320^/77 + 6900 as quoted by ACI Committee 363 is not valid as far as
HSC is concerned. Fig .2.7 shows some existing relationship between the elastic 
modulus and concrete strength for different aggregate types. Consequently, a new 
formula relating Ec and f c is needed for HSC taking into account the elastic modulus 
of the parent rock from which the coarse aggregate was obtained.
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Fig. 2.7- Comparison o f various relationships between the elastic 
modulus o f concrete and compressive strength. [19]
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2.1.4 Proportioning of high strength concrete
In the light of the reviewed literature it is clear that the material selection and mix 
proportioning of a HSC are a more critical process than the design of normal strength 
concrete mixes. Each material, namely, cement, sand, coarse aggregate, chemical and 
mineral admixtures,i.e., superplasticizer and silica fume, must be evaluated as to 
type, strength characteristics, gradation, fineness, and interaction in combination with 
each others. In short many trial mix optimisations are required to generate the 
optimum materials and their proportions. Only then an optimum concrete strength 
mix at a specified age could be achieved. Moreover, the proportion of water to 
cement binder ratio seemed to be the most dominant factor in the design of HSC 
mixes.

De Larrardf45! presented an empirical method for proportioning HSC mixes. In this 
method, it was assumed that the optimal concrete would have a low cement paste 
and a high admixture content and that the coarse aggregate was stronger than the 
paste. The concretes obtained by this method exhibited good qualities. The following 
formula was derived for HSC mixes using Portland cement, silica fume and 
superplasticizer:

fc kg. Rc
f 1 +
V

3.1w/ c A2

1.4-0.4e(_m /c)J
2.1

where,
fc = compressive strength of concrete cylinders at 28 days, MPa 
w, c, s = the mass of water, cement , and condensed silica fume for a unit 

volume of fresh concrete, respectively, kg 
kg = a parameter depending on the aggregate type,i.e., a value of 4.91 

applies or river gravel.
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Rc = the strength of cement at 28 days, in MPa, i.e.,ISO mortar
containing three parts of sand for each part of cement and one -half 
part of water.

The aforementioned empirical formula was recommended for use to determine the 
composition of a concrete mix having a given strength and workability with a 
minimal number of trial concrete batches. The main assumption of the method 
concerning the use of the saturation amount of superplasticizer leads to concretes 
with good secondary properties even if they are more expensive than others 
containing more cement and less admixture.

2.1.5 Effect of curing
Asselanis et « /J18l investigated the influence of curing conditions on the properties 
of HSC,i.e.,compressive strength, elastic modulus and stress-strain behaviour. 
Twenty-four 100 x 200 mm cylindrical specimens were made, kept in moulds for 1 
day, and then subjected to three different curing conditions. The curing conditions 
comprised continuous moist curing at 100% RH in a fog room at 23°C ± 3, moist 
curing for 7 or 28 days followed by air curing until the test age. Water-cement ratio 
of 0.31 was selected in order to produce a HSC mix.
It was concluded from the test results, that a 7-day moist curing period instead of 28 
days is enough for the development of potential concrete strength,e.g., compare 
group 3 and 4 in Fig. 2.8. In other words, moist curing beyond this period was not 
substantially needed to enhance the compressive strength and elastic modulus of 
concrete. However, curing in air after the initial 7-days moist curing caused 
considerable improvement in the compressive strength,i.e., almost 30% increase in 
f c, see Fig. 2.8. This is because the concrete have become impervious,i.e., retained 
sufficient moisture internally for further hydration of cement during the 7 to 28-days 
air curing period.
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2.1.6 Engineering relationships
Setunge et al\ 1221 investigated the engineering properties of HSC with compressive 

strength in the range of 80 to 120 MPa. The study included the determination of the 
static modulus of elasticity, Poisson's ratio, tensile strength,i.e., split cylinder tensile 
strength and modulus of rupture of HSC, and direct tensile strength of reinforced 
concrete using silica fume in the concrete mixes, locally available aggregate, cement 
and superplasticizers. The authors suggested that very little work had been done on 
the properties of HSC at such concrete grade using pozzolanic additives. So their 
investigation aimed to provide data for the better understanding of the behaviour of 
HSC by measuring some basic mechanical properties. Test results were obtained at 
7, 28, and 56 days for the static modulus of elasticity, Poisson's ratio, modulus of 
rupture and split cylinder tensile strength. All these tests were carried out following 
AS 1012 recommended procedures for normal strength concrete. All specimens were 
moist cured until the day of test. It was concluded from the test results obtained that:
the equation proposed by Carrasquillo et a/J33i and later modified by Nilson^Ol] 
,i.e., Ec = (3320^/77+6900)(p/2320)1'5 for concrete compressive strength in the
range of 20 to 83 MPa may be used to predict the mean static modulus of 
elasticity, £c of silica fume concrete. On the other hand statistical analysis of the
results indicated that there was a possibility of Ec values for HSC falling below the - 
20 % limit associated with AS 3600 formula Ec = 0.04pL5-777 , see Fig 2.9. It
was suggested that the AS 3600 formula should not be used to predict the Ec for 
HSC. The Poisson's ratio of HSC at 56 days is generally about 0.2. It was observed
that Poisson's ratio increased with the age of the concrete. For tensile strength results, 
the equation: fsp = 0.54-777 proposed by Carrasquillo et alP$] for concrete
strength up to 83 MPa can be used to calculate the mean split cylinder tensile 
strength of HSC. The AS 3600 formula fsp = 0.4-777 Save a reasonable estimate to
the characteristic splitting tensile strength, see Fig. 2.11. It was also concluded that 
the equation, fr = 0.94-777’ proposed by Garrasquillo et a/J33i and the equation,
fr = 1.15777 proposed by Aitcin et alX121 overestimated the value of the mean
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modulus of rupture obtained for the HSC tested in the study, see Fig. 2.10. The latter 
two equations are based on the results obtained by testing 100 x 100 x 300 mm prism 
specimens, while the investigation reported Setunge et alM22  ̂ were obtained from 
testing larger prism specimens,i.e., 150 x 150 x 450 mm. The lower strengths could 
be explained as a size effect which should receive further investigation. The AS 3600 
formula, fr = 0.6 Jfc gives a conservative estimate for the modulus of rupture of
HSC.

Shah and Ahmadt123! stated that there was not enough information available on the 
structural properties of HSC. Moreover, the current ultimate strength design practice 
is based on experimental information obtained from concretes with compressive 
strength of 21 to 42 MPa. They investigated the engineering properties of HSC ,i.e., 
stress-strain relationship, secant modulus of elasticity, tensile strength, Poisson's 
ratio and shear strength up to 80 MPa, in order to develop a satisfactory procedure 
for the structural design of HSC. The authors highlighted that additional 
consideration, validation or modification of existing strength design methods may be 
necessary.

They proposed empirical expressions to substitute some of the currently used 
relationships. The main conclusions were: there were significant differences in the 
compressive stress-strain curves of normal and high strength concretes,i.e., for HSC 
the shape of the ascending part of the curve is more linear and steeper, the strain at 
maximum stress is slightly higher, and the slope of the descending part is steeper, as
compared with normal strength concrete, see Fig 2.12. The ACll16] equation for 
estimating the secant modulus of elasticity, Ec = 3 3 p s i , predicts values
as much as 20 percent too high for concretes with compressive strength in the range
of 84 MPa. They proposed an expression which correlates the modulus of elasticity 
and the compressive strength, Ec = VF2*5(A/77)0'65 psi. The split cylinder strength
for low and high strength was conservatively represented by the expression,
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fsp  =  6-JT c P s i- Also, the ACI code current expression for modulus of rupture, 
f r  = 7 .5 jY c  P s* may be too conservative for HSC and an alternative expression, 
f r  = 2 (/ c)2/3 psi, appeared to be more representative of the test data,see Fig .2.10.

/fcm MPa
Fig. 2.9- Static modulus o f elasticity. [122]

Modulus of 
rupture (MPa)

Fig. 2.10- Flexural tensile strength o f HSC.[4]
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Fig. 2.11- Splitting tensile strength o f HSC.[ 122]
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Fig. 2.12- Stress-strain curves for medium and HSC •s. [123]
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Three important aspects related to the design and behaviour of HSRC beams have 
recently been investigated: stress-strain relationships, ductility and load-deflection 
characteristic. The findings from the available literature are reviewed below.

2.2.1 Stress- strain relationship
One of the most important characteristics in designing a reinforced concrete flexural 
member is the stress-strain relationship of the concrete.
The design procedures which are currently used in both BS 8110t27l and ACI 318141 
codes are primarily based on work by Mattock et fl/J86k The primary aim of their 
investigation was to find a suitable approximation of the non-linear, and highly 
variable stress-strain relationship of reinforced concrete at ultimate strength. As a 
result of this, there have been many proposed simplifications, the most popular ones 
being those currently used in both the ACI 318-83, and BS 8110 codes. The actual 
stress distribution is replaced by an equivalent rectangular stress distribution of an 
average intensity equal to 0.85/c in the ACI code and 0.45 feu in the BS code. 
These simplifying assumptions are based essentially on test results of beams made 
from concrete of 3000 to 6000 psi (21 to 42 MPa) compressive strength.
At the present time, only a few reports of investigations are available which verify 
the use of the ACI code rectangular stress block for concretes with strength above 55 
MPa in spite of the different behaviour of HSC specimens under uniaxial 
compression, as shown earlier, see Fig. 2.12 .

Based on the analysis of the stress-strain curves obtained from tests, Leslie et a/.!78! 
concluded that the ACI rectangular stress block did not accurately predict the 
behaviour of beams having cylinder compressive strength above 8000 psi (55 MPa). 
They recommended the use of a triangular stress block with the maximum 
compressive strength at the extreme fibre, and zero stress at the neutral axis as a

2.2 Section Two: Structural Behaviour of HSRC Beams in Flexure
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conservative model for predicting the ultimate flexural strength of beams having 
concrete strength above 55 MPa.

Kaar et alX7°1 studied the change in shape of the stress-strain curve, based on 
reinforced concrete members ranging from 6500 psi to 14850 psi (45 to 102 MPa). 
The test data were compared with the ACI 318-71 code recommendations pertaining 
to the flexural constants for strength design k l5 k2 and k3. They showed that the 
geometry of the stress block in the compression zone of flexural members should be 
adjusted at higher levels of compressive strength with a suitable flexural coefficient. 
This could be accomplished by adjusting the area and the centroid position of a 
simple rectangular stress block, see Fig. 2.13.

Another research investigation carried out by Ziai151! suggested the revision of the 
design parameters for flexural reinforcement of higher strength concrete. These 
design parameters are the elastic modulus, modulus of rupture, and the minimum 
reinforcement volume. Moreover, Zia tried to verify the idealised trapezoidal stress- 
strain curve involving the concept of plasticity ratio p , see Fig. 2.14 which was 
originally suggested by Jensent66], and confirmed by the Cornell university 
researchers as stated elsewhere^]. He concluded that, it might be suitable to use the 
trapezoidal stress-strain curve for application over the full range of concrete 
strengths. As a result, an equivalent rectangular stress block for such a stress-strain 
relationship can be defined by the design parameters kj and k3 given by the 
following relationships:

p = 1----J—
Eczc

_ i+ p  _ 2(i + p + p 2)
1 "  2 * 3  "  3(1 + P)

k3 = 3(1 + P}V4(l + P + p2)

2.2

2.3

2.4
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Fig. 2.13- Effect o f compressive strength on kj, k2 and k j that 
describe the geometry o f stress block. [70]
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where, Ec = 40000^/77+1000 psi for 3000 < f c < 12000 psi 
Ec = 3320^/77 + 6900 MPa for 21 < / c< 83 MPa

In contrast with the above mentioned investigations, Wang et a /J144l concluded: 
"Rectangular stress distribution gives sufficiently accurate prediction of ultimate 
loads and moments of reinforced concrete beams and columns made with HSC ". In 
their research study beams with varying amount of tension and compression 
reinforcement and concrete strengths between 3000 to 13000 psi (21 to 90 MPa) 
were considered. In short Wang et al. were able to make close prediction of the test 
results obtained by Leslie et alX78h

However, according to the author's best knowledge,on the basis of an up to date 
literature review, there is no report of work available that has been done to evaluate 
or assess the BS recommendations in predicting ultimate strength of HSRC beams 
in flexure. Thence, it is clear that there is a strong need to investigate the 
performance of HSC members in flexure with associated reassessment of the 
recommendations in BS 8110.

2.2.2 Ductility
Many studies have been carried out to investigate the ductility of HSC for both 
materials and reinforced concrete members. The view reported herein will highlight 
some of this work on the ductility of HSC beams.

Wang et a /J1441 have shown that the maximum concrete strain, Ecu, in beams does 
not only depend on the concrete strength but also on the amount of tension and 
compression reinforcement. They concluded that while the value of the maximum 
strain, Ecu, of concrete in compression decreases rapidly as the concrete strength 
increases, it increases when compressive strength increases for a singly under
reinforced beam. The flexural ductility factor increased markedly by the addition of
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compression steel and the reduction of tensile steel. Moreover, it would also increase 
with increasing concrete strength. It was also noted that ultimate concrete 
compressive strain was always higher than 0.003.

Another investigation carried by Sing et al\ x261 on the ductility, pd , of HSC 
members (pd = Au/Aj ,where \hi = displacement ductility index,A> = deflection at 
first yield of tensile reinforcement and Au = deflection at ultimate load) confirmed 
that the ductility of HSC was generally higher than that of beams with moderate 
concrete strength. Also, the ductility index decreased dramatically as the tensile 
strength ratio, p , increased. This fact was also confirmed by NilsonI101] and Tognon
et tf/J139] who showed that the ductility index was almost independent of the 
concrete compressive strength, see Fig. 2.15.

Ziat151] reported that the moment capacity, and the mode of failure, of HSC sections 
were affected significantly by the ultimate concrete stain, Ecu, value when a section is 
reinforced with higher percentages of steel. For ordinary concrete strength the 
moment capacity of a section is not sensitive to the value of ultimate concrete 
strain, Ecu.
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Fig. 2.14- Idealised stress-strain curve fo r concrete 
in compression. [151]

0 0.2 0.4 0.6 0.8 1.0 1.2

P /Pb

Fig. 2.15- Ductility index versus steel ratio.[ 101]
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2.2.3 Load-Deflection Behaviour of HSC beams in flexure
Very few research investigations have been conducted concerning the load- 
deflection behaviour of HSC beams; the following summarises some work that has 
come to the notice of the writer.

Leslie et a / i78l conducted flexure tests on HSC rectangular beams with compressive 
strength ranging between 64 to 81 MPa. For all beams, in order to prevent shear 
failure, heavy stirrups were provided in the shear spans. The main variable was 
tensile reinforcement ratio,i.e.,l% <p < 3%. They concluded that beams with lower
reinforcement ratio are much more ductile than the beams with the higher 
reinforcement ratios, see Fig. 2.17. Similar behaviour was also obtained from test 
investigation carried by Ahmad et alX7»8] with lightweight HSC beams.

Another investigation addressing the shear span to depth ratio { a id )  on the load-
deflection behaviour of HSC beams was carried out by Ahmad et a /J8l. The 
variables were the tensile reinforcement ratio,i.e., 0.35% < p < 6.64%, and the shear
span to depth ratio,i.e., 1 < ald<  4. The compressive concrete strength varied from 
63 to 70 MPa. It was concluded that beams with a !d<  2.5 exhibited a brittle 
behaviour, with some reserve in strength after the formation of the diagonal crack. 
The failure mode was sudden and catastrophic. For beams with a i d >2.5, vertical 
flexure crack initiated at mid-span; on further loading, additional vertical cracks 
along with diagonal cracks developed at sections away from the mid span. The crack 
pattern of these beams indicated a predominantly flexural behaviour. The failure was 
sudden and occurred soon after the formation of the inclined cracking, see Fig. 2.16.
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Fig. 2.16- Load-deflection curves. [6]

Fig. 2.17- Load-deflection curves. [6]
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This section reports the review of technical literature related to beam shear capacity 
with particular emphasis on results relating the influence of concrete strength, 
reinforcement ratio, shear span to depth ratio and aggregate interlock on shear 
capacity of HSRC beams. The majority of studies have been undertaken to 
investigate the contribution of the individual component to the shear capacity of 
ordinary reinforced concrete beams. However, some of the works reported relate to 
HSC concrete as well.

2.3.1 Shear transfer in reinforced concrete beams without shear reinforcement
The mechanism of shear transfer in reinforced concrete beams is not yet completely 
understood. However, it is now generally accepted that when a reinforced concrete 
beam cracks as a result of diagonal tension stress, the internal forces are generally 
redistributed. Thus, the total shear force at a section is carried by three principal 
mechanisms, see Fig. 2.18 :

(i) By the uncracked concrete compressive zone, Vcz.
(ii) By the vertical component of the force developed due to interlocking of 

aggregates a cross the inclined crack, Va.
(iii) By the transverse force developed by the main reinforcement due to dowel 

action, Vd.

It was previously assumed that all the shear force at a section was carried by the 
uncracked concrete in the compression zone and by dowel action of main 
reinforcement, and aggregate interlock was ignored. Fenwick and Paulayi53! and 
Taylort135! examined the relative contribution of each of the above mentioned 
mechanisms. They concluded that aggregate interlock contributed significantly to the 
shear strength and reported that the uncracked concrete, Vcz, aggregate interlock, Va 
and dowel action,W could contribute approximately 20%, 60% and 20%

2.3 Section Three: Shear Capacity of Reinforced Concrete Beams
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respectively to the total shear force carried by the concrete section in beams without 
shear reinforcement.

2.3.2 Shear transfer in beams with shear reinforcement
It is commonly accepted that shear reinforcements assist in carrying shear. A study 
by Swamy and Andriopoulost128! showed that the shear carried by the concrete 
section remains fairly constant in magnitude even when the amount of shear 
reinforcement is increased. They also studied the effects of aggregate interlock and 
dowel action on the shear strength of reinforced concrete beams which were 
provided with a minimum amount of shear reinforcement. The percentage 
contribution of Va and Vd were found to be 48% and 33% respectively in beams 
with shear span/depth ratio of 3.
The ACI-ASCE-Committeei2] reported that there is an interaction between the 
stirrups and the aggregate interlock. Furthermore, the stirrups contribute significantly 
to the capacity of the member by increasing or maintaining the shear transferred by 
the aggregate interlock.
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Fenwick and Paulayt53] reported that the capacity of the aggregate interlock 
decreased with increasing crack width. They also concluded that, stirrups assist the 
aggregate interlock mechanism by restricting the widths of diagonal cracks, thus 
maintaining bearing of aggregate across the crack. Also, the ultimate dowel strength 
is significantly increased if the longitudinal reinforcement is provided by stirrups as 
reported by Swamy and Bahiat129!.

2.3.3 Factors affecting shear strength
The factors influencing the shear strength of reinforced concrete beams are numerous 
and complex according to the report of ACI-ASCE committee 426121, the major 
factors being:

(i) Concrete strength.
(ii) Shear span to depth ratio (a id  or M  / Vd ).
(iii) Details of longitudinal reinforcement,i.e., steel ratio, yield strength and 

surface condition.
(iv) Shear reinforcement ratio.

Most current codes provide equations relating the shear capacity of beams mainly in 
terms of concrete compressive strength, f c , flexural reinforcement ratio, p , and span/
depth ratio,a id .

2.3.3.1 Effect of concrete strength
Mphonde and Frantz^95! reported results of shear tests of high and low strength 
concrete beams. They concluded that the current ACI code 318-83^1 equation for 
shear design was conservative which is;

VC = 0.16-//b + 17.25p —  2.5Mu
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However, they found that the ratio of test/ predicted capacity using the ACI code 
decreased from 1.64 to 1.2 as the concrete strength increased from 21 to 104 MPa. 
They proposed the following equation to predict the shear strength of reinforced 
concrete beams without stirrups and having an a id  ratio of 3.6;

vu = 0.366 ^/^4-0.49 2.6
They also tested beams with a id  ratios of 2.5 and 1.5, and concluded that the effect 
of concrete strength on shear capacity becomes more significant as a id  ratio 
decreased. Moreover, they reported that failure becomes more sudden and explosive 
as the concrete strength increased particularly at lower a id  ratio.

Elzanaty et a/J5°] also tested several beams to study the effect of concrete strength 
on shear capacity. They concluded that ACI 318-8314] code equation overestimates 
the shear strength by 10 to 30%, particularly for beams with higher concrete strength 
combined with normal to high shear-span ratios and relatively low longitudinal 
reinforcement ratios, see Fig. 2.23. On the other hand, for beams with shear 
reinforcement, all test strengths exceeded those predicted by ACI code. They 
pointed out that the effect of concrete strength on shear capacity changed with the 
a id  ratio.

BS 8110 allows for increases in the design concrete shear capacity as the concrete 
compressive strength increases. However, this increase is limited to a value of 1 MPa 
for any concrete strength above 35 MPa. Moreover, the BS 8110: Parti ignores the 
effect of compressive strength of concrete greater than 40 MPa in the evaluation of 
shear capacity of beams without web reinforcement. Also, it does not allow for any 
increase in shear capacity for the main reinforcement ratio, p , and effective depth of
beam, d , greater than 0.03 and 400 mm respectively.
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Clarke!38! reported that further work was required on shear capacity of HSRC beams. 
However, he concluded, based on tests on beams made of concrete having a cube 
strength of 70 MPa, that the equation given in BS 8110 for the design shear stress 
could be extended to take account of the higher strengths. It would lead to an 
increase of 20 to 45 % in the design shear stress for the concrete strengths 
considered.

Hansoun!61! tested a series of five lightweight concrete beams with concrete strength 
varying from 26 to 74 MPa. For all the beams tested he estimated the ratio of 
measured shear to the calculated shear capacity at diagonal cracking using the ACI 
code equation. He concluded that the ratio varied from 1.11 to 1.26. Moreover, the 
ratio decreased as concrete strength increased,i.e., ratio of 1.17 for 55 MPa concrete 
strength and 1.1 for 74 MPa concrete strength.

Taylor!134! and Van der Berg!142! conducted a series of tests on rectangular concrete 
beams without shear reinforcement. The concrete strength varied from 14 MPa (2000 
psi) to 66 MPa (9500 psi). They concluded that both the diagonal cracking load and 
ultimate shear capacity increased with increase in the concrete strength. They also 
concluded that the beam ultimate shear capacity did not increase as rapidly as the 
concrete compressive strength. For example, if the shear strength was proportional to 
(/c)0 5, then the results plotted in Fig. 2.19 must lie on a straight line through the
origin. It should be noted almost all the values for concrete strength over 35 MPa 
(5000 psi) are below the line, see Fig. 2.19. This indicates that for fc above 35 MPa, 
the shear strength increases less rapidly than (fc) 0 5  proportion predicts.

Zsutty!152! used a combination of dimensional and statistical regression analysis to 
show the relation between the concrete compressive strength to the shear strength. 
He concluded, both the diagonal cracking and the ultimate shear strengths are

39



directly proportional to (fc)m . He derived the following equation to predict the 
ultimate shear stress of reinforced concrete beams:

Vn = 2.18 ,MPa 2.7
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Recently, Sarsam and Al-Musawit119! tested 14 beams with concrete strength up to 
80 MPa and with shear reinforcement. They critically examined the existing code 
expressions for calculating the shear capacity of high and normal strength concrete 
beams with shear reinforcement and proposed an empirical formula for calculating 
the shear capacity of beams with shear reinforcement:

They concluded that the ACI code, the proposed expression and the Canadian code 
design equations were conservative for estimating the shear strength capacity of 
reinforced beams up to 80 MPa, whereas the New Zealand code, the British code and 
Zsutty's methods were less conservative compared with those mentioned above.

2.3.3.2 Shear span / depth ratio
It is well recognised that shear span to depth ratio has a very important influence on 
the shear capacity of reinforced concrete beams and on the type of failure that occurs. 
Iyengar et alS$*\ and Kanil72] reported results on beams tested to investigate the 
influence of aid, ratio on the shear capacity of reinforced concrete beams. The 
concrete compressive strength was 26 MPa. The tensile reinforcement ratio, p ,
varied between 0.8% to 2.88%. They concluded that the shear capacity increases as 
a/d ratio decreases. This phenomenon is more pronounced for a id  ratios less than

Salandra and Ahmadt112! investigated the shear capacity of reinforced lightweight 
HSC beams. The variables in their test programme were concrete strength,i.e., 54 and 
73 MPa, a id  ratio,i.e., 0.56, 1.56, 2.56 and 3.63 and shear reinforcement which was 
0.76%. They concluded that the ACI building code equation was optimistic for

2.8

2.5.
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lightweight concrete beams. Also, beams with smaller a id  ratio exhibited more 
reserve capacity after cracking as compared to beams with larger a / d ratio.

Elzanaty et a/J5°l tested the shear strength of reinforced concrete beams using 
concrete with compressive strength ranging from 21 to 83 MPa. A total of 18 beams 
were tested. The variables were concrete strength, longitudinal steel ratio, p , and
shear span to depth ratio. The results were compared with strengths predicted using 
ACI 318-83 expression. They concluded that the ACI expression overestimates shear 
strength by 10 to 30 % particularly for HSC combined with normal to high shear- 
span ratios and relatively low longitudinal steel ratios. The shear strength decreased 
markedly with increase of a id ,  see Fig. 2.20. Moreover, the ACI 318-83 expression 
was unconservative for beams with a/d equal to 6 for even high p .

Kim and Parkt77] tested 20 reinforced concrete beams, having strength of 54 MPa, in 
order to investigate their behaviour and to determine their ultimate shear capacity. 
The test results were analysed and compared with the strength predicted by different 
codes of practice. They concluded that for beams with a id  equal to or greater than 
3, the ratio of measured to predicted shear strength using BS 8110 equation was 
decreased with increasing a id .  Meanwhile, the ACI code equation underestimates 
the effect of a id ,  see Fig. 2.21. Recent investigation carried out by Ashour et a /J17l 
on the shear capacity of high strength fibre reinforced concrete beams confirmed the 
same aspects.

Generally, It can be observed from the investigations reported above which were 
carried out on the effect of a id  ratio upon the shear capacity of beams that: when 
a id  ratio exceeds approximately 2.5 the diagonal cracking,Vcr, may represent the 
ultimate shear capacity, Vu ,i.e., there is no reserve strength beyond cracking load. 
For a id  ratio smaller than about 2.5, Vu is greater than Vcr and the reserve capacity
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( Vu - Vcr) becomes higher as a id  decreases. Furthermore, as a id  increases, both 
the diagonal cracking and the ultimate shear capacity become smaller.

To account for this behaviour the BS 8110 shear equation for ordinary beams was 
modified by a factor which shows the influence of the a id  ratio on the ultimate 
shear capacity. The BS 8110 code equation for Vc, the allowable shear strength of 
concrete:

For a /d  >2 2.8

A modified equation, which forms the basis for shear design of deep beams 
(i.e., a / d < 2), is obtained by multiplying the above equation by a factor of I d !  a.

Zsuttyt152! also modified his equation for ordinary reinforced concrete beams with a 
factor which shows the strong influence of a id  ratio. He presented the following 
equation for the ultimate shear capacity of deep beams loaded on the compression 
face and supported on the tension face:

vc = 2.18 2.9

2.3.3.3 Effect of longitudinal reinforcement
Batchelor and Kwunt20! and Heger and McGratht62l reported that the longitudinal 
steel ratio, p , has a significant effect on the shear capacity. It is a well known fact
that as the percentage of the longitudinal reinforcement ratio increases the mode of 
failure of beams changes from flexure to shear. Moody et a/J91 1 concluded that 
increasing the percentage of longitudinal reinforcement ratio increased the ultimate 
shear capacity of the beams. This was confirmed by Diaz de Cossio and Siesst49! as 
they reported that the shear capacity of reinforced concrete beams was roughly a 
linear function of tensile reinforcement ratio.
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Zsuttyt152] in his proposed equation which was derived from a statistical analysis 
showed that the shear strength is proportional to ( p This was confirmed by Kim
and Park!77] as they stated "from nonlinear regression analysis with data, it is 
shown that the shear strength is nearly proportional to 1/3 power of p
Elzanaty et a/J5°] and Ahmad et alX5] concluded that the ACI equation 
underestimates the effect of the longitudinal reinforcement, i.e., Fig. 2.22. Also, the 
ratio of measured to predicted shear strength increases with the increase of p , 
whereas, for beams with p of 0.01 the margin of safety in the ACI equation may 
disappear. The effect of low steel ratio was explained by the fact that the flexural 
cracks extend higher and wider, reducing both the shear capacity of the compression 
zone and the interface shear transfer.

2.3.3.4 Shear reinforcement ratio
Stirrups not only carry shear themselves but also enhance the strength of the other 
shear transfer mechanisms. The stirrups provide support for the longitudinal steel and 
thus prevent them from splitting the surrounding concrete. Thus, they greatly 
increase the strength of the dowel action. They also help to contain the cracks, 
limiting their propagation and keeping their width small. These effects increase both 
the shear carried by aggregate interlock and the shear strength of the uncracked 
compression zone. Stirrups also increase the strength of compression concrete by 
providing confinement. Although stirrups do not affect the diagonal cracking load, 
they enhance the concrete contribution by increasing the capacity of the different 
shear transfer mechanisms.

Haddadin et alX59J studied the behaviour of shear reinforcement in reinforced 
concrete beams. The primary variables were the amount of web reinforcement, the 
concrete strength and shear span to depth ratio. They concluded that the effect of low 
to moderate amounts of shear reinforcement on the shear capacity of beams is 
approximately 75% higher than the strength calculated using the ACI 318

45



expression. Figs. 2.24 and 2.25 show their results. It can be seen that the relationship 
between shear stress, Vu and shear reinforcement ratio rfy is similar for both groups 
of beams.

Fig. 2 .22- E ffect o f  p a n d  a id  on d iagon al cracking  stress. [5]

46



0.0 o. 0.2 0.4 0.3
Pm'P b

0.3

Pm
Fig. 2.23- Effect o f  p on shear strength o f beams.[50]

The results were represented closely by two straight lines, one with a slope of 1.75 
extending to rf of 1.38 MPa (200 psi), and the second line with a slope of 0.5 
extending from rfy of 1.38 MPa (200 psi). The change in slope appears to correspond 
to a change in failure mode from diagonal tension failures in beams with small to 
medium amounts of shear reinforcement to shear compression failures in beams with 
larger amounts of shear reinforcement. They also found that the stirrups had no 
effect on diagonal cracking load and were more efficient at low to moderate values of 
rfy than at high values. This phenomenon was also confirmed by Bresler and 
Scordelist24! and De Paviai47!.

Palaskas et a /J104] tested 15 reinforced concrete T-beams. The major variables were 
the amount of flexural and shear reinforcement. The flexural reinforcement varied 
from 0.5 to 1% and the shear reinforcement varied from 0 to 0.75 MPa. They 
concluded that the contribution of the shear reinforcement to shear strength was 50% 
higher than that obtained by using ACI 318-83 equation. They suggested that the 
higher values reported by Haddadin et a/J591 may be due to the higher longitudinal 
reinforcement ratio used in that study.
It should be mentioned that the BS 8110 equation of beams with shear reinforcement 
is based on the following equation: vn = vc + vs ,where vs = and
ys = Avfycy
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Fig. 2.24- Effect o f variation in a/d on relationship 
between vu and rfy. [59]

rf0 (psi)

Fig. 2.25- Effect o f variation in fc  on relationship 
between vu and rfy.[59]
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Design codes assume that the shear force required to initiate diagonal cracking can 
be carried by the concrete section after cracking. It is important to know the ultimate 
concrete shear strength after diagonal cracking.

Taylor[132d33] developed a method to compute the shear stresses in the compression 
zone of reinforced concrete beams. The method involves an analysis of the 
longitudinal strains of the beam compression zone. Longitudinal strain readings at 
different levels through the depth along one vertical line were used to calculate the 
shear in the compression zone. In his beam tests, he integrated the shear stresses 
from the compression face down to the neutral axis which was located below the 
inclined crack. The amount of shear carried by the compression zone was 
determined. He came to a conclusion that the shear force carried by a beam without 
stirrups is shared approximately 20 to 40% by the compression zone, 33 to 50% by 
aggregate interlock and 15 to 25% by dowel action.

2.3.3.5 Aggregate interlock

Swamy and Andriopoulost128! carried out 87 beam tests with and without shear 
reinforcement in order to investigate the contribution of aggregate interlock and
dowel forces to the shear capacity of reinforced concrete beams. They concluded that 
the maximum aggregate interlock and dowel force c o n t r i b u t i o n s i n  beams

without shear reinforcement was varied from approximately 90% for a beam failing
by strut action with a id  = 2, to approximately 50% for a beam failing in diagonal
tension with a id  =6. For beams with shear reinforcement, ^a+ V d) varje(j fromV
approximately 20% to 75% at a id  = 2  depending on the shear reinforcement ratio. 
They also came to a conclusion that the shear carried by the aggregate interlock 
mechanism may decrease significantly with the provision of a high amount of shear 
reinforcement.
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Gergeleyt5 ]̂ estimated that the contribution of the aggregate interlock force to the 
beam shear capacity was approximately 45%.

Overall, a significant amount of difference was seen between the results obtained by 
these investigators. It should be noted that the concrete compressive strength, the 
shear reinforcement ratio and the a i d  ratio were assumed to have no effect on the 
contribution of the various mechanisms in Taylor'st132] ancj Gergeley'st56] 
investigations ,whereas, Swamy and Andriopoulost128] did consider the effect of 
shear reinforcement and a i d  ratio. Table-2.1 shows the individual contribution of 
different shear transfer mechanisms to the beam strength as reported by different 
investigators.

Table 2 .1- D istribution  o f  sh ea r fo rc e  in rein forced  concrete beam s

Percentage of Total Shear Carried by
Investigator (s) Aggregate Interlock Dowel Action Compression

Zone
Taylor^132! 33% to 50% 15% to 25% 20% to 40%
Swamy and 
Andriopoulost128]

90 % at a / d  =2 and for rfy=0 
50% at a / d  =6 and for rfy=0 
20% to 75% at a i d - 2 and for rfy^0

-

Gergeleyt56^ 45% _ _
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2.3.4 Shear failure modes
According to many investigations, such as ACI-ASCE Committee 426t2], Kanif72! 
and Ferguson^54], one of the most significant factors influencing failure modes in 
rectangular simply supported reinforced concrete beams is the shear span to depth 
ratio, a Id .  In this sub-section, generally observed failure modes of the beams are 
reviewed in relation to one condition that only a id  is varied.

(i) . Short beams ( 1< a / d < 2.5 )
In this range of shear span an inclined shear crack is generally the result of a 
principal tensile crack. The diagonal shear crack appears relatively clearly and forms 
in the region of the shear span. Once the crack reaches the compression zone, the 
lower end of the crack propagates downwards to extend along the reinforcement for a 
short distance towards the support. After reaching approximately above the neutral 
axis of the beam, the tip of the inclined shear crack propagates gradually towards the 
load point and finally accompanied with crushing of concrete above the crack into 
the reduced section. This failure mode is conventionally called Shear-compression 
failure. It is also found that, in these beams the ultimate shear capacity significantly 
exceeds the inclined crack capacity.

(ii) . Intermediate long beams ( 2.5<a t d <  6)
In this range of shear span the crack is known as flexural-shear crack. The first crack 
forms due to flexural tension at the cross section of maximum moment. As the load 
on the beam is increased the flexural cracks gradually spread to regions of lesser 
moment. At some stage of loading, before the beam's full flexural capacity is 
developed, an inclined shear crack forms suddenly starting at or near an existing 
flexural crack and rapidly extending both toward the support and the load point. The 
sudden formation of the inclined shear crack is immediately followed by complete 
collapse of the beam. The inclined shear crack extends directly to the top of the beam 
with little change in direction resulting in separation of the beam into two parts. A
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number of failures have been seen where the thin segment remaining above the crack 
fails by spalling upward without any evidence of crushing. This failure mode is 
usually called a diagonal tension failure, as reported by many researchers such as 
Heger et a/J62l , Bresler et alS25\  Morrow et alS94\ Taylor!132! and Chanai36b

(iii). Long beams ( a id  >6)
Beyond a certain value of a i d , inclined shear cracks do not develop before the 
beam fails in flexure. The limiting value of a id  may be a function of such beam 
characteristics as amount of longitudinal reinforcement,yield strength of main 
reinforcement and strength of concrete. With such criteria beams usually fail in 
bending and the failure mode is usually called a flexural failure. Fig. 2.25 shows the 
variation in shear capacity with a id  ratios for rectangular beams.

a/d
Fig. 2 .26- Variation in sh ea r capacity w ith a /d  f o r  R .R .C  beam s
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2.4 Section Four: Main Conclusions

The main conclusions from the aforementioned literature review on normal and HSC
are as follows:

2.4.1 High strength concrete materials
1. It is necessary to use a low water / binder ratio and a strong aggregate that bonds 

well with the matrix to obtain high compressive strength. A superplasticizer needs 
to be used to ensure adequate workability for these concrete mixes in particular 
for very low water/binder ratio,e.g., 0.22. Furthermore, superplasticizers should 
be added to the concrete mix shortly before placing to extend concrete 
workability, as the effectiveness of superplasticizer diminishes with time after the 
first dosing.

2. Most of publications advocate the use of mineral admixtures ,in particular, silica 
fume because of the higher concrete strengths which could be obtained compared 
with other mineral admixtures like ground blast furnace slag or pulverised fuel 
ash. Moreover, using such admixtures enhance the concrete compressive strength 
at early ages. On the other hand, it appears that the optimum percentage of silica 
fume is somewhat obscure,i.e., varied silica fume dosages were recommended by 
researchers in the reviewed publications, but generally most of the investigations 
recommended the dosages between 8% to 12% by weight of cement. Also, silica 
fume in slurry form was reported to be convenient to use and gave predictable 
results, while the powder form of silica fume was found to be more difficult to use 
,in particular, for ready mixed concrete.

3. The compressive strength of HSC varied significantly with type and grading of 
aggregates used.

4. The production and proportioning of HSC is a more critical process compared 
with that of normal strength concrete. Many trial concrete mixes are required
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after the evaluation process of all concrete constituents to detremine the optimum 
mix.

5. The tensile splitting strength, and elastic modulus of HSC are closely correlated 
with the compressive strength as illustrated in Fig. 2.9 and Fig. 2.11.

6. The shape of the stress-strain curve of HSC is different from normal strength 
concrete as shown in Fig. 2.12 ,i.e., there is only a small increase in maximum 
strain at the maximum stress.

7. HSC is more durable than NSC. It has also, less permeability, drying shrinkage 
and creep coefficient compared with normal strength concrete particularly when 
silica fume is included in the concrete mix. Overall, HSC is a superior product 
with enhanced engineering properties.

2.4.2 High strength concrete members in flexure
1. It is noted that most of the studies on design and analysis of reinforced HSC 

beams have significantly followed the same proposed simplification of NSC 
technique, i.e., simplified stress block. It appears that these assumptions led most 
of the time to conservative results. Moreover, most of these investigations have 
been limited to compressive strengths of up to 80 MPa, and they have not been 
able completely to clarify the structural behaviour of members made from 
concrete with compressive strength in access of 80 MPa.

2. It was concluded that the ductility of HSC members were generally higher than 
that of beams with lower strength concrete. Moreover, the ductility index is 
almost independent of concrete compressive strength.

3. The maximum tensile reinforcement amount which can be used in a reinforced 
concrete beam is significantly influenced by the concrete compressive strength, fc, 
the yield stress, f y, of the reinforcement, and the ultimate compressive strain of 
concrete, £c«.
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2.4.3 Shear capacity of reinforced concrete beams
From the review of research presented on the shear capacity of reinforced concrete 
beams, it is realised that the number of parameters that influence the shear capacity 
of reinforced beams are large. Unfortunately they do not act independently of each 
other. The primary factors that influence the shear capacity of a reinforced concrete 
beam are concrete strength, shear span to depth ratio, flexural reinforcement ratio 
and shear reinforcement ratio. The following summarise the effect of each parameter 
on the shear capacity:
1. The shear capacity of reinforced concrete beams increases as the concrete 

compressive strength increases; however, the rate of increase is not proportional 
to the increase of the concrete strength value.

2. The shear capacity increases significantly as a id  decreases. Also, the a id  ratio 
has significant influence on the type of failure that occurs.

3. The flexural reinforcement ratio has a significant influence on the shear capacity 
of reinforced concrete beams and the failure mode,i.e., the shear capacity 
increases as the flexural reinforcement ratio increases.

4. Stirrups significantly increase the shear capacity and affect the mode of failure. 
Moreover, they are more efficient at low and moderate longitudinal steel ratio 
than at high ratio.
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CHAPTER 3

EXPERIMENTAL PROGRAMME IN FLEXURE

This chapter deals with the details and manufacture of specimens tested in flexure. 
Testing procedures and results of tests of plain concrete specimens obtained from 
trial mixes of higher strength concretes, and reinforced concrete beams are presented.

3.1 Materials Used

(i) Cement
For this research investigation Portland cement was used with a compressive 
strength of 57.5 MPa at 28 days tested according to the European Standard EN 196. 
The initial and final setting times were 100 and 150 minutes respectively.

(ii) Fine and Coarse aggregates
The fine aggregate was natural sand with a relative density of 2.61 at the saturated 
surface dry condition. The coarse aggregates, 10 mm and 20 mm, were crushed stone 
obtained from a local quarry. The selection of this aggregate was made after a 
detailed analysis of aggregate from three local quarries. The results of sieve analysis, 
and other properties for the sand and the aggregates used in the project are shown in 
Table-3.1, and Fig. 3.1 to 3.3. All coarse aggregates were washed and sieved in 
order to get rid of dust.

(iii) Admixture
Two chemical materials were used in order to achieve HSC mixes, Silica fume and
Superplasticizer. The former was in a slurry form supplied by Elkem company,i.e.,
product name EMSAC 500 S while the latter was in the form of an aqueous
solution, supplied by Cormix,i.e., product name S 10 naphthalene-based
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superplasticizer, and was used to reduce the w/c ratio and to adjust the slump of the 
concrete mix. The ranges of silica fume and superplasticizer dosages were 5 to 
11.5%, and 0.67 to 2% respectively by weight of cement as a solid content. Table 3.2 
shows their physical properties.

(iv) Reinforcing steel for the beams
High yield deformed steel of 12 and 20 mm diameter were used in this part of the 
investigation. For beams having 12 mm reinforcement the bars were bent at the end 
according to BS 4466 clause 3.12.8.4. Tension tests were carried out for the steel 
reinforcements according to EN 10002 part one using Denison universal testing 
machine of 250 kN capacity. The Stress-Strain characteristics of the reinforcement 
are shown in Fig. 3.4 and Table 3.3.

Table- 3.1 Properties o f  C oarse A ggregate

Size Absorption % ACV%

10 mm 4.39 -

20 mm 2.98 -

10-14 mm - 14.52
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Table- 3.2 Properties o f Superplasticizer & Silica fume

Item Superplasticizer Silica fume

Appearance dark brown liquid grey slurry

Specific gravity 1.19 1.4

Air entrainment 1% to 2%

Water content 60 % by weight 50 % by weight

Table 3 .3  - Properties o f  Tensile S teel R ein forcem en t

Bar Size f y  > Es, e>,
({) mm MPa MPa kN/mm2 mm/mm

12 470 610 192 0.0024
20 442 631 211 0.0020

fy •=  Average yield stress 
fu *= Average ultimate stress
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3.2 Mix Proportions and Experimental Procedures

3.2.1 Mix proportions-trial Mixes
The literature review revealed that higher strength concrete technology is relatively 
new and, therefore conventional mix design methods were not applicable for higher 
strength concrete. A trial batch programme was considered to be the most effective 
method for determining the suitability of the materials and their proportions for a 
specific batch, in order to get the optimum concrete mix.

In this study the mix proportioning was primarily based on known facts of designing 
concrete mixes. Throughout the experimental work, the fine aggregate to total 
aggregate ratio was kept at 0.425, the cement content was between 430 to 450 kg/tn3. 
The major variables were Silica fume and Superplasticizer dosages, while the cement 
content was the minor variable. A total of 18 trial concrete mixes were used until the 
required range of compressive strength was achieved. Table-3.4 illustrates the 
compositions of these concrete mixes.

A summary of the results from the trial mixes is shown in Table 3.5. The results of 
these mix trials are discussed in full in chapter four. At this point it is sufficient to 
note that the range of strength required for the beam tests for the beam tests for the 
main experimental work could be achieved using mix designations 3, 13 and 16. 
These were then used to cast the beams, the actual details of mixes used are shown in 
the Tables 3.4 and 3.5 which give the beam designations.
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Table 3.4- Compositions o f High Strength Concrete Mixes
Mix C

kg/m3
S

kg/m3
CA 

kg/m3
SF 

L/m3
SP 

L/m3
W* 
L/m3

W/C W/(C+SF)

1 450.0 566.5 1333.5 61 9.5 136.50 0.303 0.277
2 450.0 566.5 1333.5 61 11 128.68 0.286 0.261
3 450.0 566.5 1333.5 61 12 126.18 0.280 0.256
4 450.0 566.5 1333.5 48 11 124.85 0.277 0.258
5 450.0 566.5 1333.5 73.5 11 132.70 0.295 0.265
6 450.0 566.5 1333.5 73.5 12 130.42 0.290 0.260
7 428.5 566.5 1333.5 30.7 7.2 159.40 0.372 0.354
8 428.5 566.5 1333.5 49 18 137.90 0.322 0.299
9 428.5 566.5 1333.5 36.7 7.2 173.46 0.400 0.382
10 428.5 566.5 1333.5 61 6.75 169.20 0.390 0.360
11 428.5 566.5 1333.5 61 7.65 166.45 0.388 0.353
12 428.5 566.5 1333.5 61 7.75 151.90 0.355 0.329
13 428.5 566.5 1333.5 61 6 197.10 0.460 0.418
14 428.5 566.5 1333.5 61 8.5 155.85 0.364 0.330
15 428.5 566.5 1333.5 61 9.5 135.65 0.317 0.288
16 428.5 566.5 1333.5 61 10.5 123.30 0.288 0.262
17 428.5 566.5 1333.5 49 10.5 125.05 0.292 0.270
18 428.5 566.5 1333.5 36.8 10.5 119.93 0.280 0.264

C= Cement S= Sand CA= Coarse aggregate SP = Superplasticizer SF = Silica fume W=Water 
* This includes water in Silica fume, Superplasticizer, and Sand.
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Table 3.5- Experimental results o f Compressive strength o f HSC mixes
Mix W/C feu,

MPa 
1 day

f cu, 
MPa 
7 days

feu,
MPa 

28 days
feu,
MPa 

90 days
1 0.303 46.9 84.50 114.50 114.50
2 0.286 51.6 90.00 110.00 113.00
3 0.280 50.9 94.00 114.50 120.00
4 0.277 51.0 90.50 109.50 115.50
5 0.295 50.9 90.50 99.00 106.50
6 0.290 40.5 87.00 101.00 114.50
7 0.372 25.6 68.00 80.00 92.50
8 0.322 23.3 70.25 80.50 90.00
9 0.400 39.4 80.00 93.00 96.00
10 0.390 37.8 66.50 91.50 93.00
11 0.388 37.6 56.00 92.00 106.00
12 0.355 37.6 72.00 98.00 100.00
13 0.460 28.4 60.50 78.00 88.00
14 0.364 41.1 80.00 99.50 107.00
15 0.317 44.4 82.50 90.00 105.00
16 0.288 46.9 91.00 100.50 111.00
17 0.292 47.4 90.00 109.00 110.00
18 0.280 36.1 93.00 109.50 110.00

Mixes 3, 13 and 16 were selected for casting the flexural reinforced concrete beams
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The beam dimensions were chosen in order to make the beams fail in flexure,i.e., the 
shear span to depth ratio {a id )  was 6, and to ensure that the specimens were 
sufficiently large so as to represent real structural element of high strength concrete. 
With these considerations in mind a specimen of cross section of 150 mm by 250 
mm deep, and a span of 3240 mm was chosen; the overall length of the beams was 
3440 mm. A typical beam specimen is illustrated in Fig. 3.5-a. The specimens were 
tested under two-point loading which subjected a considerable length of the beams to 
pure flexure.

For singly reinforced beams four sets of three specimens each were manufactured, 
using mixes to give three concrete compressive strengths,i.e., 85, 100, and 115 MPa 
as selected from the first stage of this research investigation. The longitudinal 
reinforcement ratios were 1.03%, 1.42%, 1.94% and 4.04% respectively. Four doubly 
reinforced specimens were also manufactured using the highest concrete compressive 
strength mix,i.e., 115 MPa. In this series the variables were the tensile reinforcement 
ratio,p, and the compression reinforcement ratio,p'. The p values were 4.04 and 
4.4% whereas the p' values were 0.504 and 0.727% respectively. For all sets, 
nominal shear reinforcement was provided at a spacing of 150 mm according to BS 
8110 clause 3.4.5.4 so as to avoid shear failure. Two 8 mm diameter hanger bars 
outside the flexural test zone were used to support the links. Figs. 3.5b and 3.5c 
illustrate the reinforcement details.

Each beam was designated by three letters, and two numerals, such as HSC1-1. The 
first numeral indicates the percentage of the longitudinal reinforcing bars, the second 
numeral the grade of concrete strength. The details of beams in flexure are listed in 
Table- 3.6 and Table-3.7.

3.2.2 Beam test specimens
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Table -3.6- Designation and Properties o f Singly Reinforced HSC Beams
Beam
No.

Beam+
Mark

feu *,
MPa

h,
mm

b,
mm

d,
mm

Ec,
MPa

Rin-
forcing

bars
.A s, 

mm2 P%
1 HSC1-1 107 250 150 220 40640 3(1)12 339 1.03
2 HSC1-2 97 250 150 220 41000 3 (j)12 339 1.03
3 HSC1-3 85 250 150 220 38550 3 <>12 339 1.03
4 HSC2-1 105 250 150 212.5 49650 4 <>12 452 1.42
5 HSC2-2 100 250 150 212.5 43600 4(j)12 452 1.42
6 HSC2-3 78 250 150 212.5 34000 4 (j)12 452 1.42
7 HSC2-4 90 250 150 212.5 40487 4 <|>12 452 1.42
8 HSC3-1 107 250 150 215 53000 2<j) 20 628 1.94
9 HSC3-2 85 250 150 215 39000 2<j) 20 628 1.94
10 HSC3-3 78 250 150 215 34005 2<j) 20 628 1.94
11 HSC4-1 101 250 150 207.5 41200 4<j) 20 1257 4.04
12 HSC4-2 87 250 150 207.5 38855 4<j) 20 1257 4.04
13 HSC4-3 82 250 150 207.5 41130 4<J) 20 1257 4.04

* From 100 x 100 mm cubes
+ Beam nomenclature: for HSC indicates High strength singly section, "1-1" the lowest p, and the 
highest f cu grade in each group respectively.
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Table-3.7- Designation and properties o f doubly reinforced HSC beams
Beam feu *,

MPa
h,

mm
b,
mm

d,
mm

Ec,
MPa

Rin-
forcing

bars
As, 

mm2
P% As,

mm2
P'
%

DHSC1-1 107 250 150 207.5 41000 4 <1>20 
1({)12

1370 4.4 157 0.5

DHSC1-2 100 250 150 207.5 40000 4<})20 1257 4.04 157 0.5
DHSC1-3 100 250 150 207.5 40500 4 <{>20 

1<>12
1370 4.4 226 0.73

DHSC1-4 100 250 150 207.5 40500 4<])20 1257 4.04 226 0.73
* From 100 x 100 mm cubes
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(i) Small test specimens
Concrete was mixed in a 0.05 m3 pan-type revolving mixer. For all the mixes, 
coarse aggregate and sand were introduced into the mixer and mixed for a minute. 
About 1/3 of the estimated water was then added and mixed for two minutes. The 
cement was introduced with some mixing water and mixed to ensure the uniformity 
of the mix. The rest of the ingredients, including silica fume slurry, and 
superplasticizer were added while the mixer was running for about 2.5 minutes. The 
slump was measured, the rest of the mixing water then added if necessary to adjust 
the slump in the range of 50 to 100 mm. Before casting control specimens, the slump 
was determined. For each concrete batch a set of eight 100 mm x 100 mm cubes, and 
two 100 mm x 300 mm cylinders in steel moulds were cast. The specimens were 
demoulded on the following day and moist-cured at 20 ± 1° C in a water tank. The 
concrete cube specimens were tested at 1, 7 , 28 and 90 days for compressive 
strength, while the cylinder specimens were tested at 28 days for the splitting tensile 
strength. For each test the average strength of two specimens was determined and 
the results were used in the analysis.

(ii) Beam specimens
The concrete for the beams was mixed in a 0.1 m3 revolving mixer. The steel beam 
mould was oiled before the cage was placed in position. Chairs were used to ensure 
appropriate cover for the reinforcement. Concrete was placed in the moulds in two 
layers and was internally vibrated by a poker vibrator. Two concrete batches were 
required to cast one beam. Two cubes of 100 x 100 mm, and one cylinder of 100 x 
300 mm were cast from each batch to determine the strength, and the stress-strain 
characteristics of the concrete at the age of beam test. When casting was completed, 
the beam, cubes, and cylinders were completely wrapped with wet hessian and 
polyethylene sheets to prevent moisture loss. The cubes and cylinders were stripped 
after 24 hours, while the beam was stripped one day later. The control cubes and

3.2.3 Casting and curing
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cylinders were placed in a water tank with an average temperature of approximately 
20° C. The beams were wrapped in wet hessian and polythene which was regularly 
re-wetted for a period of 28 days, after which the beams were allowed to dry in the 
laboratory air until the day of testing. All beams were given a coat of thin white-wash 
prior to testing to facilitate the observation of cracks during the tests.

3.3 Mounting of Strain Gauges

(i) Longitudinal bars
For all the specimens the two outermost longitudinal bars were provided with strain 
gauge at top and bottom surfaces at the mid length of the bars to monitor steel strains 
during the progress of the test; additional strain gauges were used in the specimens 
which had two layers of reinforcement. All the gauges used were FLK-6-11, with a 
resistance of 120 Q., and an active grid length of approximately 6 mm. To facilitate 
mounting of these gauges, the bar deformations were ground off over a length of 
approximately 35 mm. After mounting on the bars, the gauges were given a coating 
of a water proofing compound to prevent damage during and after casting.

(ii) Concrete surface
Seven pairs of demec-gauge studs were placed on each vertical face of the beams, the 
gauge length being 200 mm. In order to measure the maximum compression strains 
two demec-gauges were mounted as close to the top surface as possible. The other 
six gauges were mounted on each side along the depth of the beam at 30 mm, 60 mm, 
90 mm, 120 mm, 150 mm from the top, and at the centric line of the longitudinal 
reinforcements. Fig. 3.5-a shows the locations of the demec- gauges.
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Fig.3.5 d-Reinforcement Details fo r the Doubly Reinforced Test Specimens
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Fig.3.5 c- Cross-Section Specimens Details
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3.4 Tests on Hardened HSC

The strength tests performed on the small concrete cylinder and cube specimens were 
compressive strength and splitting tensile strength tests. Modulus of elasticity tests 
were performed on separate cylindrical specimens from the concrete mixes used in 
casting the beam specimens.

3.4.1 Compressive strength test
Compressive strength tests were performed in accordance with BS 1881: part 116: 
1983 for compressive strength of cube specimens using an Avery-Denison testing 
machine with a maximum capacity of 3000 kN. The compressive strength was 
calculated as follows:

fcu=P/A 3.1

where,
feu = Cube compressive strength, MPa 
P = Maximum load carried by the specimen, N  
A = Average cross-section area of the specimen, mm2

3.4.2 Splitting tensile strength test
To determine the splitting tensile strength of the concrete mixes used in this 
investigation an Avery-Denison testing machine with a capacity of 1250 kN was 
used. The cylinders were loaded on two diametrically opposite edges with two 
plywood strips used to apply line loads, at a constant rate of 2.1 kN/sec, until the 
failure of the specimen in accordance with BS 1881: part 117:1983.
The splitting tensile strength of each cylinder calculated as follows:

71



3.2

where,
fsP = Splitting cylinder tensile strength, MPa 
P = Applied load at failure of specimen by splitting, N 
l = Length, mm
d = Diameter of cylinder, mm

3.4.3 Modulus of elasticity and Poisson's ratio
The modulus of elasticity of concrete was calculated from the stress-strain diagram 
of cylinder specimens cast from the concrete mixes corresponding to each beam 
specimen. The Avery-Denison testing machine mentioned above was used for this 
purpose at a constant load rate of 1.88 kN/sec, according to the BS 1818: part 
121:1983 recommendation.

Cylindrical specimens measuring 100 x 300 mm were used. The longitudinal, and the 
traverse strain deformations were measured using electric resistance strain gauges 
PL-60-11, with gauge length of 60 mm, and gauge resistance of 120 ± 0.3 Q.. For 
every cylinder specimen two longitudinal, and two traverse strains gauges were used 
and reading were taken using a multi-channel digital strain indicator.

The load was applied up to about 45% of the expected ultimate compressive strength 
while all strain readings were taken, then unloaded to the initial strain values.
The processes of loading and unloading were repeated until consistent strain values 
were attained between the lower and upper stress limits.
The secant modulus of elasticity was calculated as follows:

(G 2 - (J i)
(82- 81) 3.3
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where,
Ec = Secant modulus of elasticity, MPa 
02 = Stress corresponding to 45% of ultimate load, MPa
Ci = Stress corresponding to initial load, MPa, and
£i,£2 = longitudinal strains produced by stresses Ci,C2.
The Poisson's ratio was calculated for every test specimen, at every load stage 
according to the following equation:

|i = — 3.4£/
where,
p, = Poisson's ratio,
Et = Average transverse strain at mid-height of the specimen, and 
el = Average longitudinal strain at mid-height of the specimen.

3.5 Testing Arrangements for HSC Beam Tests

All beam specimens were tested using a static screw- head jack. The applied load 
was measured by a load cell of a maximum capacity of 1000 kN connected to a data 
logger as shown in Fig. 3.7-a.

3.5.1 Measurement of deflections
Three linear voltage displacement transformers (LVDT) were placed under each 
member at the centre of the beam span, and at the two loading points, to measure the 
deflections within the region of pure bending. The full displacement range of the 
LVDT used was ± 100  mm. In addition to the LVDT's, one dial gauge with a 
displacement range of 50 mm, and a least count of 0.01 mm, was used to measure the 
deflection at the top of mid-span as a secondary check.

73



3.5.2 Measurement of strains
As stated earlier, the tensile strains in the tension steel were measured using 
electrical foil strain gauges with an accuracy of one micro-strain. Compressive 
strains on concrete were measured by using the mechanical demec-gauges on both 
faces of the beams. All recording systems were calibrated before testing.

3.5.3 End support
All beam specimens were supported at each end by means of steel saddles which 
were designed to prevent bearing failure of the test specimens. Each saddle was 
stiffened and provided with a 15 mm steel plate. All the beams were supported on 
steel bars of 40 mm diameter on both ends. Details and dimensions of these supports 
are shown in Fig. 3.6.

3.5.4 Test procedure for beam specimens
All the tests in this part of research programme were performed using the static 
screw-jack as shown in Fig. 3.7-b, through a single point, transferred to the concrete 
member through a universal steel spreader beam,i.e., W 254 x 146 with a total length 
of 1200 mm, designed and fabricated for the test purpose. The steel spreader beam 
was supported on two bearing plates 200 x 150 x 30 mm resting on steel rollers, 
covering the entire width of the beam, and placed symmetrically with respect to the 
mid-span section at a distance of 600 mm.

Loads were increased incrementally, until ultimate load capacity was reached,i.e.,the 
maximum load-carrying capacity beyond which the beam deflection started to 
increase in an unstable manner. For groups one and two the load increments were 
kept relatively constant at 5 kN while for groups three and four the incremental loads 
were at 10 kN. The application of each load increment, and taking of all 
measurements, i.e., deflections, strain deformations and crack width at mid-span 
zone required about 5 to 10 minutes. The entire testing of one beam specimen

74



UJUJ096

required about 3-hours. On the day a beam was tested auxiliary tests were carried 
out to determine the concrete compressive strength and the stress-strain 
characteristics of the concrete.
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Fig.3.7a- Test arrangement for the beam specimen in flexure
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CHAPTER 4

PRESENTATION OF EXPERIMENTAL RESULTS IN FLEXURE

4.1 Introduction

This chapter has been presented in two parts. The first part presents the experimental 
results concerning the properties of HSC mixes, including the effect of 
superplasticizer on the workability and the influence of silica fume on both concrete 
compressive strength and splitting tensile strength. Data on the static modulus of 
elasticity and Poisson's ratio of HSC mixes are also presented.
The second part presents the results of tests reinforced HSC beams in flexure. These 
include load-deflection behaviour, moment-rotation characteristics, ductility and 
crack patterns.

4.2 Properties of HSC

4.2.1 Workability of HSC mixes
As mentioned earlier the use of superplasticizer is essential in order to produce a 
workable HSC mix with a low w/c ratio, in some cases as low as w/c = 0.27. 
Superplasticizers disperse floes of fine cement particles, and lower the viscosity of 
the cement paste to produce the enhanced workability. Fig. 4.1 shows the effect of 
different superplasticizer dosages on the workability of HSC mixes at a constant w/c 
ratio. At w/c ratio of 0.4 and a superplasticizer dosage of 0.75% by weight of cement 
the slump was only 46 mm ( as seen in mix 10; Fig. 4.1). When the superplasticizer 
dosage was increased only slightly to 0.8%, the slump increased markedly by 30% 
(60 mm) as shown in Fig. 4.1 for mix 9. At w/c ratio of 0.29 the slump was also 
increased significantly when superplasticizer dosages were increased, e.g, compare 
mix 1 and mix 6 in Fig. 4.1. This indicates the beneficial effect of superplasticizer on 
the workability of concrete.
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4.2.2 Compressive strength
The compressive cube strengths, feu, at ages 1, 7, 28, and 90 days are presented in 
Table 4.1. Two major factors, the silica fume content and the W/( C+SF ) ratio, and 
their effect on the concrete compressive strength are discussed below.

(i) Effect of silica fume
It is well known that silica fume can be used either as a partial replacement for 
cement or as an additive in concrete. Because of its fineness, it can fit into spaces 
between cement grains in the same way as sand fills the spaces between particles of 
coarse aggregate and cement grains fill the spaces between sand grains (average 
diameter of about O.lp m). Fig. 4.2 shows the effect of different silica fume 
dosages on the compressive strength at the age of 28 days of HSC mixes at a 
constant w/c ratio for different concrete mixes. It can be noted that with the 
increasing silica fume dosages up to 9.5% by weight of cement, the concrete strength 
increases by about 5%, i.e., mix 1 and mix 17. This phenomenon also applies to 
concrete mixes having w/c ratio of 0.28 (mix 3, and mix 4). As the silica fume 
dosage is increased beyond 9.5% the compressive strength tends to reduce markedly, 
e.g, at a silica fume content of 11.43% the strength drops by about 14% for Mix 5 
compared with Mix 1. These findings agree with the results obtained by Yogendran 
et a/. I1491 who concluded that a dosage of 20% of silica fume gives a much lower 
compressive strength than that of a 15% dosage. Fig. 4.3 also shows the 
development of cube strength for ages of 1, 7 , 28, and 90 days with silica fume 
dosages of 5%, 6%, 10%, and 11.43%, and different w/c ratios. It is apparent from 
this Figure that the development of strength is broadly similar irrespective of the 
silica fume dosage. However, from these test results it appears that the optimum 
silica fume dosage is 9.5% by weight of cement for achieving the highest feu for a 
concrete mix.
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The effect of W/( C+SF ) ratio on concrete strength at various ages is shown in Fig. 
4.4. In this investigation, by using silica fume as an additive, the highest strength of 
concrete attained at 90 days was 120 MPa (mix 3). For this mix the W/( C+SF ) ratio 
was 0.256 and the slump was 60 mm. A similar result was obtained for a concrete mix 
with W/(C+SF) ratio of 0.258 with a slump of 115 mm ( mix 4).

In general the following observation could be made from the results shown in Table
4.1 and Figs. 4.2 to 4.4. Silica fume had the most significant effect when the dosage 
was about 10% by weight of cement. This appears to be the optimum dosage 
percentage to achieve the maximum cube compressive strength. Also, the optimum 
percentage of superplasticizer to obtain a medium slump concrete mix with highest 
compressive strength was 1.27% by weight of cement content and the optimum 
cement content appeared to be 450 kg/m3.

(ii) Effect of W/( C+SF) on strength
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Fig. 4.1- Effect o f  superplasticizer on workability o f concrete

Superplasticizer dosage, % by Wt. of cement

w/c=0.29
w/c=0.40

F ig.4.2- E ffect o f  silica fu m e dosages on concrete strength

% silica fume by Wt. of cement
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Fig. 4 .3- Developm ent o f  strength with age as a fun ction  o f  siUca fu m e
content

7 28 90
Age, days

S.F 5%
S.F 6%  

S.F 9.5  % 
S.F 11.43%

Fig. 4.4 - E ffect o f  W / (C+S.F) on concrete strength.

W/(C+S.F) ratio

90-days
28-days  

7-days
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Table 4.1 Experimental Results o f Compressive Strength ofH SC Mixes

Mix Slump
mm

f cu>
(MPa)

Dry unit 
weight 
kg/m3

1 day 7 days 28 days 90 days
1 67 46.9 84.50 114.50 114.50 2492
2 60 51.6 90.00 110.00 113.00 2546
3 60 50.9 94.00 114.50 120.00 2477
4 115 51.0 90.50 109.50 115.50 2529
5 100 50.9 90.50 99.00 106.50 2493
6 shear 40.5 87.00 101.00 114.50 2490
7 shear 25.6 68.00 80.00 92.50 2480
8 shear 23.3* 70.25 80.50 90.00 2474
9 60 39.4 80.00 93.00 96.00 2500
10 46 37.8 66.50 91.50 93.00 2475
11 145 37.6 56.00 92.00 106.00 2490
12 85 37.6 72.00 98.00 100.00 2500
13 35 28.4 60.50 78.00 88.00 2483
14 55 41.1 80.00 99.50 107.00 2455
15 103 44.4 82.50 90.00 105.00 2478
16 60 46.9 91.00 100.50 111.00 2508
17 60 47.4 90.00 109.00 110.00 2507
18 60 36.1 93.00 109.50 110.00 2521

A ll the results are the average o f two test specimens.
* This value represents 2-day test as there was a delay in Setting time o f concrete. 
See Table 3.4 fo r  mix compositional details
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To evaluate the tensile strength of HSC mixes the splitting cylinder tensile tests were 
carried out, as it has been established by the ACI-ASCE committeet2] that this 
method provides a more reasonable strength estimation compared with that by the 
direct tensile test. Table 4.2 presents the splitting tensile strength test results,/v , 
along with the corresponding cube compressive strength, f cu, at the age of 28 days 
for all the concrete mixes.

In spite of the limited number of concrete mixes which were cast, it is obvious from 
the test results that the concrete splitting tensile strength increases as the compressive 
strength increases, see mix 3, and mix 13 in Table 4.2. It is also worth noting that 
concrete mixes possessing the same silica fume dosage (mix 14 and mix 15, at 9.96% 
silica fume dosage), have different tensile strengths, e.g., 7.07 MPa for mix 14, and 
6.53 MPa for mix 15 respectively. Similar results are seen in mixes 10, 11, 12 and 13 
which had the same silica fume dosage. The obvious reason for this phenomenon is 
that the strength of concrete depends not only on the silica fume content but also on 
other parameters such as W, C+S.F and their ratios.
However, it can be concluded that the splitting tensile strength of concrete is a 
function of the compressive strength irrespective of silica fume dosages. For all the 
concrete mixes tested, the splitting cylinder tensile strengths were found to be 
approximately 5 to 7.5% of the corresponding compressive strengths at 28 days.

4.2.3 Splitting cylinder tensile strength
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Table 4.2-  Splitting Tensile Strength Results
Mix feu, MP a 

28 days
U , MPa 
28 days

Silica fume 
dosage (%)

1 114.50 5.73 9.49
2 110.00 6.34 9.49
3 114.50 7.22 9.49
4 109.50 7.37 7.46
5 99.00 5.50 11.43
6 101.00 6.47 11.43
7 80.00 5.04 5.00
8 80.50 5.78 8.00
9 93.00 7.00 6.00
10 91.50 6.50 9.96
11 92.00 6.72 9.96
12 98.00 6.31 9.96
13 78.00 5.51 9.96
14 99.50 7.07 9.96
15 90.00 6.53 9.96
16 100.50 6.68 9.96
17 109.00 6.79 8.00
18 109.50 7.77 8.00

A ll the results are average o f two test specimens
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4.2.4 Stress-strain relationship
The stress-strain relationships of HSC mixes were determined in compliance with BS 
1881: part 115 using standard 100 mm x 300 mm cylinders at 28 days. Axial and 
lateral strains were measured using electrical resistance strain gauges (PL -60- 11) 
with a gauge length of 60 mm. From the test results the following observations can be 
made:

(i) . The strain corresponding to maximum stress is approximately 0.003 for the
range of concrete tested.

(ii) . The slope of the a-e curve is fairly linear up to approximately 75% of the
compressive strength as compared to the early start of non-linearity of 
NSC.

(iii) . Poisson's ratio was found to be 0.21 which compares well to a range of 0.2 
to 0.25 based on all other available published results.

Fig. 4 .5S tress-strain  relationships o f  som e H SC m ixes

— ♦  Ec= 53117 MPa
-------- • ----------Ec= 43595MPa
— • ---------Ec= 49646MPa
— * ----------Ec= 40975 MPa
— ■ ---------Ec=40638MPa
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4.3 Behaviour of HSC Beams in Flexure

As described in section 3.2.2 (Chapter 3) the beams were tested under two-point 
loading and the following data were recorded for each beam: the maximum load 
attained, the deflection at mid-span and strains in the concrete and in the 
reinforcement at mid- span for each load increment. For each beam the crack pattern 
was marked following each load increment. From the measured loads and the 
specimen dimensions, the applied moment was calculated at each load increment. 
The measured load-deflection curves for some of the beams tested are shown in Fig.
4.6 to 4.11. The detailed numerical values of the load-deflection are given in 
Appendix-B . The corresponding diagrams showing strains along the depth of each 
beam at every significant load increment are presented in Fig. 4.12 through Fig. 4.24. 
The moment-rotation relationships for all test specimens are presented in Fig. 4.25 
through Fig. 4.30.

4.3.1 Load-deflection characteristics
It can be seen from the load versus deflection diagrams Fig. 4.6 to Fig. 4.11, that the 
initial slope of the curve (pre-cracking portion) is quite steep. During this stage, the 
behaviour of the beams is essentially linear elastic. As the load increases a change in 
slope occurs indicating the formation of the first tensile concrete crack. The slopes of 
load-deflection curves are fairly linear while the strain in steel remains below yield.

For all the groups of beams, initial cracking was observed at similar load level, i.e., 
about 20 kN\ this indicates that the initial cracking occurs at a similar load 
irrespective of the strength of concrete. On the other hand, as a percentage of the 
ultimate load the initial cracking loads ranged from 26% to 37% for group one, 20% 
to 25% for group two, 20% for group three, and 8% to 17% for group four 
respectively, which means that for heavily reinforced sections crack initiation occurs 
at a smaller percentage of the ultimate load.
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As expected, in the post-cracking region the slope of the curve became flatter due to 
the reduction of the effective second moment of area, i.e, the flexural rigidity (E l) of 
the cross section. This slope remained steady until the yielding of the tensile 
reinforcement. The nature of the curves varied for different reinforcement ratios and 
compressive strength of concrete. For high p values the slope changed abruptly 
leading to an abrupt failure. This phenomenon can be seen in Fig. 4.10. For instance, 
in comparing beam HSC1-1 (fcu = 107 MPa, p = 1.03%), with beam HSC4-1 (feu = 
101 MPa, p = 4.04% ), which have approximately the same concrete compressive 
strength but different p values, it can be seen that the beam with higher p ratio has a 
stiffer response in terms of load-deflection characteristic. This phenomenon can be 
attributed to higher second moment of area of beams with higher p values and 
consequent less cracking.

On the other hand, in comparing beam HSC2-2 ( f cu = 100 MPa, p = 1.42%) with 
beam HSC2-3 (fcu = 77 MPa, p = 1.42%) which have equal p values, but different 
concrete strengths, see Fig. 4.7, it is seen that the beam with the higher strength 
concrete exhibits less deflection than the other beam with a lower strength concrete at 
same load levels, i.e, beam HSC2-2 is approximately 32% stiffer than beam HSC2-3. 
This is expected since higher strength concrete beams are stiffer because of their 
higher Ec values (Ec = 43595 MPa for HSC2-2, and Ec = 34000 MPa for HSC2-3). 
However, this behaviour was not observed in all the remaining beams with different 
compressive strength values but having the same p value, e.g., beam HSC1-1 and 
HSC1-3 in Fig. 4.6, beam HSC3-1 and HSC3-3 in Fig. 4.8, and beam HSC4-1 and 
HSC4-3 in Fig. 4.9; these discrepancies are not thought to be significant and may be 
due to experimental error. In summary, it could be stated that, the behaviour of 
beams in this region (post-cracking) is a function of both the reinforcements ratio p 

and the fcu.
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At yielding of the tension reinforcements, the mid-span deflection of the beams 
varied between 13 to 17 mm for group one, 10 to 20 mm for group two, 14 to 17 mm 
for group three, and 21 to 23 mm for group four. The deflection corresponding to 
maximum load varied between 25 to 50 mm for all the groups of beams.

At the post yielding stage each beam exhibited different load-deflection response 
depending upon the tensile reinforcement ratio,p , and the concrete strength,/™, but 
in all cases there was a significant bending of the load-deflection curve towards the 
horizontal due to the yielding of the tensile reinforcement. When this occurred, 
cracks propagated upwards into the compression zone causing a reduction in the 
neutral axis depth as evidenced by the strain diagrams, see Fig. 4.12 to Fig. 4.24. 
Thereby both the curvature and deflection are increased immediately after yielding. 
For instance, in comparing any two beams with approximately the same concrete 
strength, i.e., beam HSC1-1 in Fig. 4.6, and beam HSC3-1 in Fig. 4.8, it can be noted 
that, the beam with higher steel content exhibits less deformation at the same load. 
Beams with higher steel content would require larger compressive stress block for 
equilibrium as evidenced in the strain diagrams shown in Fig. 4.12 to Fig. 4.19; the 
neutral axis depth of beam HSC3-1 is approximately twice that of beam HSC1-1 at 
ultimate stage. On the other hand, from the results of beams HSC1-1, HSC2-1, 
HSC3-1 and HSC4-1, which are illustrated in Fig. 4.10, it can be seen that the 
increase in stiffness in the post-yield region is more dependent on the increase in 
steel percentage than on the increase in concrete strength.

Overall, the tensile reinforcement ratio p was found to be the dominant factor in 
determining the shape of the load-deflection curves, rather than the concrete 
compressive strength,/™, which has a minor influence. Beams with tensile 
reinforcement ratios (p = 1.03%, 1.42%, and 1.94%) underwent large deformations 
at relatively constant loads before the maximum load was attained; also, the drop-off 
in the load-deflection curves was very gradual beyond the maximum load as seen in
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Figs. 4.6, 4.7, and 4.8. On the other hand, beams with higher tensile reinforcement 
content (p = 4.04%) exhibited significant drop in load capacity with increasing 
deflection beyond the peak load, see Fig. 4.9. It is worth mentioning that beam HSC 
4-1 failed at the same time when the steel yielded; while the other beams did not; 
they were able to sustain increasing loads even when the concrete compression fibres 
were exhibiting crushing.

In doubly reinforced sections the behaviour of all beams in this group was similar, 
see Fig. 4.11, which shows them to exhibit similar pre-yielding and post yielding 
characteristics. In addition, the influence of compression steel ratio,p , on the load- 
deflection response could be seen by comparing beams HSC4-1 [feu = 107 MPa', p = 
4.04%] and DHSC1-2 [fcu = 107 MPa\ p = 4.04% and p = 0.505%]. The beam with 
0.505% compression reinforcement has a stiffer response in terms of load-deflection 
behaviour and a higher load at yielding, for example, the deflections at 100 kN load 
were 16.41 mm and 14.2 mm for beams HSC4-1 and DHSC1-2 respectively.
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4.3.2. Strain Distribution
Figures 4.12 to 4.24 show the flexural strain variations along the beam depth at mid
span both in the compression zone, and at the tensile reinforcement level for the test 
beams. The magnitudes of the strains represent the average of the strain readings on 
each face, front and rear, of the beam. The strains were measured at each 
incremental load in all beams. At each load stage the neutral axis was located from 
the strain diagrams. The numerical values of load-strain curves at each load 
increment are presented in Appendix-A for all the beams tested.

For beams with low tensile reinforcement the neutral axis rose prior to failure, while 
for heavily reinforced members the neutral axis remained more or less at the same 
position at failure. It should also be stated that the maximum concrete strain 
recorded was 0.0037 for beam HSC4-2 at the extreme compression fibre, see Fig. 
4.23 and the lowest 0.002 for beam HSC2-4. For all other test specimens the 
maximum compressive strain recorded varied between 0.0022 to 0.003.

The measured steel strains showed that the yield strength of the reinforcement was 
attained in all beams prior to crushing of the compression concrete which indicated 
that all the test specimens were under-reinforced sections. The load-strain curves of 
the reinforcement at each load increment are presented in Appendix-D for all beam 
tested.
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Fig. 4.12- Strain distrbution along the depth o f beam H SC 1-1

Fig.4.13- Strain distribution along the depth o f  beam  H SC1-2
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Fig. 4.14- Strain distribution along the depth o f beam HSC 1-3

Fig. 4.15- Strain distribution along the depth o f  beam  H SC 2-1
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Fig.4.16- Strain distribution along the depth ofbeamHSC 2-2

Fig. 4 .1 7-Strain distribution along the depth o f  beam  H SC 2-3
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Fig.4.18- Strain distribution along the depth o f beam HSC 2-4

Fig. 4.19-Strain distribution along the depth o f  beam H SC 3-1
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Fig.4.20- Strain distribution along the depth o f beam HSC 3-2

Fig. 4.21- Strain distribution along the depth o f  beam  H SC 3-3
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Fig.4.22- Strain distribution along the depth o f beam HSC 4-1

Fig.4.23- Strain distribution along the depth o f  beam  H SC 4-2
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Fig.4.24- Strain distribution along the depth o f beam HSC 4-3

4.3.3 Moment-rotation relationship
In this subsection the moment-rotation relationships at the mid-span section of the 
beams are provided. The rotations were derived from the flexural strains developed in 
the extreme compression fibres at mid-span for each load increment. The rotation was 
calculated as follows:

e ( e  }
c d

where,
6 = Rotation, in (radians)
ec = strain at extreme compression fibre 
kd = neutral axis depth in (mm) 
d  = Demec-gauge length, ( 200 mm)

4.1

The mid-span rotations of the beams tested, which were derived using the above 
expression, are presented in Figs. 4.25 to 4.30. The shape of these curves is basically 
similar, i.e., they exhibit elasto-plastic behaviour, for the first three groups of beams (p 
= 1.03%, 1.42%, and 1.94%). The curves for the beams with p = 4.04% do not 
exhibit this phenomenon and right up to the failure load the relationship is nearly
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elastic. This phenomenon conforms with the well known fact that beams with high 
reinforcement percentage can not accommodate significant rotation even when 
approaching the ultimate loads. It is also clear from the graphs in Fig. 4.29 that the 
slopes of moment-rotation curves for beams with higher p ratios are steeper than 
those with lower p ratios. It should also be stated, in comparing beams HSC1-1 and 
HSC1-2 which have equal p values, but different concrete strengths, feu, as illustrated 
in Fig. 4.25 and also for beams HSC3-1 and HSC3-2 in Fig. 4.27, that the slopes of 
moment-rotation curve exhibit stiffer response for beams possessing higher fa, . 

Tables in Appendix-C provide the numerical Moment-Rotation results for all the 
beams tested at each load increment.

4.3.4 Ductility
In a broad sense, ductility is defined as the ability of a structure to sustain 
deformations beyond the elastic range without a significant variation of the resistance 
capacity. In this part of study the ductility index is taken in terms of sectional 
curvature, i.e., the ratio of ultimate to first yield load curvature (p c-  \}/ l{A\f y). It 
has been noticed that the tensile reinforcement percentage^ , is the most dominant 
factor in influencing the ductility indices.

In general, for similar concrete strength the ductility index, p c, decreases as the 
tensile reinforcement ratio, p , increases; on the other hand, in spite of the limited 
range of the compressive strength used in this study it was observed that although 
HSC is considered to be a less ductile material compared to NSC, the ductility index 
for a specified reinforcement ratio p of an HSRC section in flexure increases with 
the increase in the compressive strength of concrete, for example, beam HSC 1-1 
(fcu= 107 MPa) had p c = 7.4, and beam HSC1-3 ( /c«= 85 MPa) had p c = 4.46. 
This trend indicates that the ductility index is dependent on the compressive strength 
(see Table 4.3).
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Fig. 4.28- M idspan m om ent - rotation fo r  group fo u r beam s
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For all the beams tested the total number of cracks increased with the increase in 
load, and the crack widths became larger. All the cracks were marked on both sides 
of each member at each load increment. The cracks in the pure flexure region were 
predominantly vertical as expected. Crack propagation outside the pure flexure zone 
was also as for flexural cracks. However, for heavily reinforced beams a joining of an 
inclined crack to a flexural crack occurred at approximately 70% of the maximum 
load, which is due the presence of increasing shear stresses. This phenomenon was 
particularly clear in beam HSC4-3 as cracks propagated towards the vicinity of the 
end support.

Pictorial views of crack patterns are presented in Appendix-D. The only definite 
trend in crack propagation appears to be that the crack initiation occurs at a smaller 
percentage of the maximum load for a certain group of beams. However, as the 
amount of longitudinal reinforcement increases the percentage decreased, e.g., at 
14% for HSC 4-1 beam, whereas at about 37% for HSC 1-1 of the maximum load. 
It is worth stating that crack propagation was markedly limited for doubly reinforced 
sections due to the confinement provided by both compression and web 
reinforcements. On the other hand, the width of the crack is essentially dependent on 
the main reinforcement ratio, p . For instance, the largest crack width at tensile steel 
level was 2.4 mm for beam HSC1-1 (feu = 107 MPa, p = 1.03%J, while only 0.9 mm 
at maximum loads for beam HSC4-1 {feu = 101 MPa, p = 4.04%). The load and the 
corresponding crack widths at initial and ultimate stages are presented in Table. 4.4.

4.3.5 Crack widths and patterns
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Table 4.3 -Summary o f Experimental Results at Yield and Ultimate Load Stage

Yield stage Ultimate stage Ductility
index

Average measured and calculated 
crack spacings

Beam Load Mh Load \ | f u Hc= Measured Calc. Ratio
kN rad./ m kN rad. An

\ \ f u / surface surface
/V y crack, mm crack, mm

HSC1-1 45.10 0.0119 59.00 0.088 7.40 74.36 81.86 0.91
HSC1-2 44.90 0.0168 54.00 0.089 5.30 132.00 81.86 1.61
HSC1-3 49.00 0.0130 57.00 0.058 4.46 112.27 81.86 1.37
HSC2-1 61.00 0.0118 70.20 0.056 4.75 143.00 79.87 1.79
HSC2-2 63.30 0.0121 71.00 0.058 4.79 N.A N.A N.A
HSC2-3 60.00 0.0139 66.00 0.044 3.17 77.64 79.87 0.97
HSC2-4 60.00 0.0147 74.00 0.059 4.01 N.A N.A N.A
HSC3-1 82.79 0.0118 103.0 0.053 4.49 93.98 83.44 1.13
HSC3-2 75.00 0.0193 101.0 0.071 3.68 79.61 83.44 0.95
HSC3-3 85.00 0.0198 99.0 0.0561 2.83 108.00 83.44 1.30
HSC4-1 125.00 0.0259 145.0 0.026 1.00 54.60 70.29 0.78
HSC4-2 128.00 0.033 140.46 0.0364 1.10 67.77 70.29 0.96
HSC4-3 140.57 0.024 169.00 0.029 1.20 70.41 70.29 1.00

DHSC1-1 149.00 0.021 166.5 0.0291 1.38 - - -

DHSC1-2 140.00 0.032 150.0 0.0376 1.17 - - -

DHSC1-3 157.00 0.020 169.31 0.024 1.2 - - -

DHSC1-4 139.41 0.029 169.01 0.035 1.21 - - -

mean 1.16
Std.
Deviation 0.31



Table 4.4- Crack Initiation, Propagation and Crushing in Test Beams

First visible crack Crack at ultimate load

Beam Max. load load Width Width Comp.crushing Mode ofMax.load
(kN) {%) {mm) {mm) depth {mm) Failure

HSC1-1 59.00 37.28 0.03 2.40 not available flexure
HSC1-2 54.00 33.33 0.04 4.50 not available t t

HSC1-3 57.00 26.00 0.04 2.90 not available i t

HSC2-1 70.00 21.00 0.04 2.90 not available 11

HSC2-2 71.00 25.00 0.02 4.45 not available 11

HSC2-3* 66.00 22.00 0.01 1.50 42 t l

HSC2-4 74.00 20.00 0.02 4.01 37.5 t t

HSC3-1 103.00 24.50 0.02 2.60 34.1 t t

HSC3-2 101.00 21.00 0.02 3.00 35.5 I t

HSC3-3 99.00 20.00 0.02 2.86 43 t t

HSC4-1 145.00 13.56 0.02 0.90 58.31 t l

HSC4-2 140.46 7.37 0.01 0.34 62.2 I t

HSC4-3 169.00 17.73 0.02 0.42 65 t t

* Concrete mix was not consistent, thus the beam was repeated
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CHAPTER 5

THEORETICAL CONSIDERATIONS AND COMPARISON WITH 
EXPERIMENTAL RESULTS IN FLEXURE

5.1 Introduction

In a manner similar to the previous Chapter, the theoretical consideration and 
comparison with experimental results of some mechanical properties of HSC and 
HSRC beams in flexure are presented in two parts.
Part one presents the theoretical considerations concerning some mechanical 
properties of HSC mixes which include, a predictive relationship between the 
cylinder crushing strength, f c, and splitting cylinder tensile strength,/v , of HSC. A 
comparison is made of some existing equations for relating splitting cylinder tensile 
strength to concrete compressive strength and an expression is proposed in this 
study. In addition, a mathematical model which has been developed to predict the 
concrete compressive strength,feu, of HSC mixes in terms of their constituents 
proportions is presented.

Part two concerns with the theoretical considerations of HSRC beams in flexure. 
This includes a discussion and comparison of the measured load-deflection 
characteristic with theoretical values; analysis of ultimate flexural capacity by using 
different models of stress block idealisations of HSRC beams; the BS 8110 design 
method for flexural strength is evaluated by comparing measured and predicted 
moments of resistance to determine its applicability to HSC beams. The surface 
crack width and spacing of cracks of HSRC beams were evaluated; a comparison of 
the test results with those predicted by some existing formulae and a modified 
formula is presented in this study. Finally, the ductility and ductility index have been 
studied.
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5.2 Mechanical Properties of HSC Mixes
5.2.1 Splitting cylinder tensile strength
As mentioned earlier in the literature review, the data on the relationship between the 
splitting tensile strength, f sp, and cylinder crushing strength, fc, of HSC is quite 
limited. Therefore, the validity of these relationships has to be checked and 
improved to be valid for concrete possessing cube compressive strengths up to 120 
MPa. An accurate prediction of tensile strength of concrete would be helpful in 
mitigating crack problems, improving shear strength prediction and minimising 
failure of concrete in tension.

In this study a relationship between the splitting cylinder tensile strength,/*/>, and 
compressive strength,/c, of HSC is developed. The data of cube strength at 28 days 
were converted into cylinder strength (fc = 0.85 as recommended by ACI 
Committee 363i16! and Regan et a /J109l and as verified in this study) and its 
relationship with splitting cylinder strength was analysed using a linear regression 
analysis.
The more commonly used existing relationships between split cylinder tensile 
strength and compressive strength are as follows: ( the author's proposed model is 
also shown)

f s p  =  0.54 x(/c)“ Carrasquillo et al. i33l 5.1

f s p  = 0.59 x(/c)05 ACI committee 363t16] 5.2

f s p  =  0.462 x(/c)055 Ahmad et al. HI 5.3

f s p  = 0.342 x (/c)“ Raphael t111! 5.4
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fsp =  0 .5 6 4  x(fc)055 P r o p o se d  m o d e l 5 .5

where,
fsp = splitting tensile strength of concrete {MPa)
f c = cylinder compressive strength of concrete {MPa)

Fig. 5.1 illustrates the relationship of the concrete cylinder strength,/ c ,  against the 
splitting tensile strength,/^, values which indicates that the splitting tensile strength 
increased with the increase in the compressive strength, as expected, but with a wide 
spread of values for a given compressive strength.
Table 5.1 presents all test results and the results of applying the various equations 
and a proposed model for predicting splitting tensile strength of HSC. It can be 
concluded from these results that Carrasquillo et al., ACI and Ahmad et al. 
expressions provide a conservative estimate of splitting cylinder strength of HSC 
mixes (see Fig. 5.1) which can be seen from the average percentage deviations of 
23.08%, 15.96% and 17.92% if using Carrasquillo et al., ACI and Ahmad et al. 
equations respectively. On the other hand, the Raphael model exhibits a general 
agreement with the test results giving an average of error of -3.27% which is very 
close to that of the proposed model which yields an average error of -0.42%. Overall, 
it appears that both the Raphael and the proposed expressions are applicable for 
estimating the splitting cylinder tensile strength of HSC of up to 120 MPa concrete 
compressive strength.
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Fig. 5.7- S p littin g  cy lin der ten sile  stren g th  o f  H S C

•  fsp- test results

fsp-model(eqn. 5.5)

.............. Carrasquillo, 1981

----------- A Cl, 1984

----------- Ahmad et al, 1985

+ Raphael, 1984



Table 5.1- Comparison Between The Proposed Equation & The Existing Relations for Predicting Splitting 
Tensile Strength ofH SC

T est resu lts C a rrasqu illo  e t al. ACI, A h m ad e t al. R aph ael P ro p o sed
eqn .5.1 eqn .5 .2 eqn. 5 .3 eqn .5 .4 eqn. 5 .5
(1981) (1984) (1985) (1984)

M ix A» A f p . f p , e r r o r f p , e r r o r f p , e r r o r f p . e r r o r f p , e r r o r
N o .

M P a M P a M P a M P a % M P a % M P a % M P a % M P a %
1 1 1 4 .5 0 9 7 .3 3 5 .7 3 5 .3 3 7 .0 3 5 .8 2 -1 .5 8 5 .7 3 -0 .0 0 3 7 .3 4 7 -2 8 .2 3 7 .01 -2 2 .3 6
2 1 1 0 .0 0 9 3 .5 0 6 .3 4 5 .2 2 1 7 .6 4 5 .71 1 0 .0 2 5 .61 1 1 .5 9 7 .1 5 -1 2 .8 2 6 .8 6 -8 .1 7
3 1 1 4 .5 0 9 7 .3 3 7 .2 2 5 .3 3 2 6 .2 1 5 .8 2 1 9 .3 8 5 .7 3 2 0 .6 4 7 .3 5 -1 .7 7 7 .01 2 .8 9
4 1 0 9 .5 0 9 3 .0 0 7 .3 7 5 .2 1 2 9 .3 1 5 .6 9 2 2 .7 7 5 .5 9 2 4 .1 4 7 .1 3 3 .2 4 6 .8 4 7 .1 7
5 9 9 .0 0 8 4 .1 5 5 .5 0 4 .9 5 9 .9 3 5 .41 1 .6 0 5 .2 9 3 .8 3 6 .6 7 -2 1 .1 9 6 .4 7 -1 7 .6 7
6 1 0 1 .0 0 8 5 .8 5 6 .4 7 5 .0 0 2 2 .6 7 5 .4 7 15 .51 5 .3 4 8 1 7 .3 4 6 .7 6 -4 .4 1 6 .5 4 -1 .1 3
7 8 0 .0 0 6 8 .0 0 5 .0 4 4 .4 5 1 1 .6 5 4 .8 7 3 .4 7 4 .7 0 6 .6 5 5 .7 8 -1 4 .6 5 5 .7 6 -1 4 .1 9
8 8 0 .5 0 6 8 .4 3 5 .7 8 4 .4 7 2 2 .7 2 4 .8 8 1 5 .5 6 4 .7 2 1 8 .3 3 5 .8 0 -0 .3 9 5 .7 7 0 .0 8 8
9 9 3 .0 0 7 9 .0 5 7 .0 0 4 .8 0 3 1 .4 1 5 .2 5 2 5 .0 6 5 .1 1 2 6 .9 9 6 .3 9 8 .7 0 6 .2 5 10 .6 8
10 9 1 .5 0 7 7 .7 8 6 .5 0 4 .7 6 2 6 .7 3 5 .2 0 1 9 .9 5 5 .0 7 2 2 .0 8 6 .3 2 2 .7 3 6 .2 0 4 .6 6
11 9 2 .0 0 7 8 .2 0 6 .7 2 4 .7 8 2 8 .9 4 5 .2 2 2 2 .3 6 5 .0 8 2 4 .4 0 6 .3 5 5 .5 7 6 .2 2 7 .51
12 9 8 .0 0 8 3 .3 0 6 .3 1 4 .9 3 2 1 .8 9 5 .3 8 1 4 .6 6 5 .2 6 1 6 .6 4 6 .6 2 -4 .9 1 6 .4 4 -1 .9 9
13 7 8 .0 0 6 6 .3 0 5 .5 1 4 .4 0 2 0 .2 0 0 4 .8 0 12 .8 1 4 .6 4 1 5 .8 0 5 .6 8 -3 .1 1 5 .6 8 -3 .0 0
14 9 9 .5 0 8 4 .5 8 7 .0 7 4 .9 7 2 9 .7 6 5 .4 3 2 3 .2 5 5 .3 0 2 4 .9 8 6 .6 9 5 .4 1 6 .4 9 8 .21
15 9 0 .0 0 7 6 .5 0 6 .5 3 4 .7 2 2 7 .6 7 5 .1 6 2 0 .9 7 5 .0 2 2 3 .1 3 6 .2 5 4 .2 4 6 .1 4 5 .9 6
16 1 0 0 .5 0 8 5 .4 3 6 .6 8 4 .9 9 2 5 .2 8 5 .4 5 1 8 .3 7 5 .3 3 2 0 .1 6 6 .7 3 -0 .7 9 6 .5 3 2 .31
17 1 0 9 .0 0 9 2 .6 5 6 .7 9 5 .2 0 2 3 .4 5 5 .6 8 1 6 .3 6 5 .5 8 1 7 .8 6 7 .1 1 -4 .7 0 6 .8 2 -0 .5 0
18 1 0 9 .5 0 9 3 .1 0 7 .7 7 5 .2 1 3 2 .9 5 5 .6 9 2 6 .7 4 5 .5 9 2 8 .0 4 7 .1 3 8 .2 3 6 .8 4 1 1 .9 6

2 3 .0 8 * 1 5 .9 6 * 1 7 .9 2 * - 3 . 2 7 * - 0 .4 2 *

*  p e rcen ta g es  A v e ra g e  e rro r



5.2.2 Compressive strength prediction of HSC
The design of an HSC mix is a more complex process than the design of normal 
strength concrete (NSC) mix. Therefore, the conventional mix design techniques are 
not applicable for HSC. As a result of that, the author has developed an empirical 
expression for application to HSC mixes with Portland cement, silica fume and 
superplasticizer in order to predict the concrete compressive strength. This proposed 
equation is based on a total of 40 HSC mixes, eighteen mixes in current 
investigation and twenty two mixes from published literature incorporating both 
silica fume, and superplasticizer. The following equation was obtained using a 
regression analysis:

feu = 5 .26e/c +139esp/‘-  149w/c-20FA/TA  5.6

where,
feu = compressive strength of concrete cubes at 28 days.
s,c,sp, w = The mass of silica fume, cement, superplasticizer, and water 

in Kg/rn3 of fresh concrete, respectively.
FA, TA = The mass of fine aggregates, and total aggregates in Kg/m3

of fresh concrete, respectively.

The above equation is valid for concretes with w/c ratios in the range of 0.22 to 0.46 
using 20 mm maximum size of crushed aggregate. The model could be used to 
obtain an average concrete strength between 63 to 120 MPa. In addition, the 
accuracy of prediction is estimated at about ±15  MPa. Fig. 5.2 illustrates both 
predicted and experimental concrete compressive strengths. It should be stated that 
the correlation coefficient of 0.7 for the proposed formula indicates a positive 
correlation for all the variables included.
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Fig.5.2- Comparsion between actual and predicted strengths
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5.4 HSRC Beams in Flexure

5.4.1 Load-deflection characteristics
Deflection calculation in reinforced concrete beams represents an important 
phenomenon for the following reasons. Firstly, structure serviceability checks, and 
thereby the control of deformations, are becoming more and more important 
particularly in the case of high strength concrete because smaller sections are being 
used. Secondly, comparison between the actually measured and analytically 
computed deflections can represent an important parameter for field-control of the 
structure.
The deflection up to the flexural cracking for each beam was calculated using the full 
uncracked second moment of area of the cross section (Ig). Beyond the cracking 
stress the beam was treated as a cracked section and the cracked second moment of 
area was used to calculate the deflection.
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5 .7I cr =  ^ r  + tnA ( d - x ) :

where,
hr = The second moment of area of the cracked transformed area (mm^) 
b = Breadth of the beam (mm) 
x = Neutral axis for a cracked section (mm)
As= Area of main reinforcement {mm?) 
m = Modular ratio {Es / Ec)

The position of the neutral axis for a cracked section (jc) is obtained by equating the 
moment of the transformed area about the neutral axis to zero. The following 
quadratic equation is obtained:

b——  mAs(d -  x) = 0 2 5.8

The splitting cylinder tensile strength, f sp, (equation 5.5) was used to estimate the 
cracking stress. Then the moment at first crack was estimated as follows:

Alcr — fsp h
y

5.9

where,
Mcr= Moment at first crack {N.mm) 
fsP= Splitting tensile strength {MPa)
y= Distance from centroidal axis of cross section neglecting reinforcement 
{nun).

h  = bh3 
12 + (m -  l)As (d -  x ) ‘
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As expected, difficulty was experienced in using the elastic theory in estimating the 
deflections of the beams at post-cracking stages to give a reasonable agreement with 
the load-deflection results obtained from experiments. For this reason an extensive 
statistical evaluation of data has been carried out using the back calculation 
technique. The available data were analysed using the regression analysis with the 
aim to develop an equation to estimate the effective second moment of area (L ) of 
the cracked cross-section. The predicted equation was selected based on the smallest 
relative residual error which might be obtained in order to predict L as a dependent 
variable. The following equations were obtained;

a- Effective second moment of area for pre-yielding stage works out to be:

On the basis of the above stated considerations, the deflection at mid-span was 
estimated for every beam at each incremental load using the Conjugate-beam method 
given by the equation:

, and 5.10

b- Effective second moment of area for post-yielding stage:

5.11

p i3 3 a
6Eiei4i u ; 5.12

where,
8 = Deflection at mid-span due to imposed loads (mm)
1= Beam span length between two supports (3240 mm) 
a -  Distance from end support to one loading point (1320 mm)
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Figs 5.3 to 5.6 show the calculated load-deflection curves of some of the beams 
tested up to failure. It is obvious that the load-deflection curves can be divided into 
three portions. The first, from zero load up to first cracking (region 0-1 in Figs. 5.3 
and 5.4), is referred to as the pre-cracking portion. The second from the cracking 
load to the yield load (1-2), is referred to as the post-cracking portion. The third from 
yield load to the failure load (2-3), is referred to as the post yielding stage.

During the pre-cracking portion, the behaviour is essentially linear-elastic for both 
observed and predicted values (strains are small and proportional to load). In 
addition, since flexural cracks have not yet developed, the deformation of concrete is 
more or less the same as of the tensile reinforcement. At around 20% ( for beam 
HSC1-1) to 14% ( for beam HSC4-1) of the ultimate load, flexural cracks occurred 
and propagated quickly up wards; thereafter, the neutral axis depth decreases from its 
uncracked transformed section value to a value dependent on the cracked 
transformed properties of the section. This results in a change in the slope of the 
load-deflection curve, as it tends to flatten horizontally; this is due to the sudden 
reduction in the flexural rigidity (El) of the cross-section which is responsible for 
the break in load-deflection curve at point-1 (see Fig. 5.4). Beyond the post-cracking 
point, and up to yielding of the tensile reinforcement, deformations continue to 
increase linearly with load, but at a faster rate compared with the pre-cracking 
portion.

After yielding (stage 2-3), the load-deflection curve bends towards the horizontal and 
the deformation continues to increase linearly with load up to failure. The beginning 
of the post-yielding stage is characterised by a significant bending of the load- 
deflection curve towards the horizontal due to yielding of the tensile reinforcement. 
Once this occurs, cracks propagate upwards into the compression region causing a 
reduction in the depth of compression block as discussed in Chapter 4 (see Figs. 4.12 
to 4.24).
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As expected and discussed in Chapter 4, the theoretical calculations showed that 
beams with higher p value have stiffer response in terms of load-deflection 
characteristic which is because the higher p value increases the flexural rigidity {El) 
of the section. This aspect is clearly seen in comparing beam HSC1-1 with beam 
HSC4-1 in Fig. 5.3.

Overall, it can be stated for all the beams that both measured and calculated load- 
deflection response showed satisfactory agreement at both post-cracking and post- 
yielding stages for all load stages,e.g., the ratios of actual to calculated deflections 
work out to be 0.98 at a load of 35 kN for beam HSC2-2 and 1.14 at a load of 100 
kN for beam HSC4-2. The load-deflection curves for all beams tested are presented 
in Appendix B.
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5.4.2.1 Introduction
Many theories on the computation of flexural strength of reinforced concrete sections 
have been published, the ultimate limit state method based on tests on beams having 
concrete strength of up to 50 MPa are in use. The provisions in many codes of 
practice are based on these; however, the applicability of these provisions on HSRC 
beams need to be investigated. In order to achieve this, a proper modelling of stress 
block has to be established, for the purpose of flexural strength computation of 
HSRC beams. The idealisation should preferably be valid in the range of concrete 
cube strength up to 110 MPa, and would hopefully predict the ultimate flexural 
strength in reasonable agreement with the experimental test results.

5.4.2.2 General equation of ultimate flexural capacity
Fig. 5.7 shows the conditions at ultimate load,i.e., the extreme compression fibre 
concrete strain attaining a value of s«, the ultimate value, for a concrete section 
reinforced in tension and subjected to flexure. Using the well known form of 
equations, the force and moment equilibrium equations for the cross section of the 
beam can be written as follows :

5.4.2 Analysis for Ultimate Flexural Capacity

k lk s fc b x  = Asfy 5.13

giving Asfy 5.14kikifcb

and, Mn = k\k ifc  bx(d -  k ix ) 5.15

where, k \ ,k i  and ki are characteristic ratios of stress block (see Fig. 5.7) 
x = neutral axis depth
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By substituting the value of x from equation 5.14 into equation 5.15 the following 
expression is obtained for Mn :

Mn = Asfy\\-{pklfy) I (kxkifc) ]d  5.16
In the presence of compression reinforcement equation 5.16 becomes

Mi: =  Asf>\\- (pkify)I (k\ksfc) ] d + A sf s(d -  d ) 5.17
The ratio k i l  k\ki can be directly obtained from beam test results, the value of this 
ratio varies from 0.53 to 0.64 for HSC according to Kaar, Hanson and Capeltf69}. It 
was observed from their investigation that the value of ki/k ik3  increased with the 
increase of concrete strength up to 83 MPa. Thus, referring to equation 5.16, it can 
be seen that the contribution of concrete to flexural strength decreases with the 
increase of concrete strength.

5.4.2.3 BS 8110 stress block
As a result of the extensive research work in the past decades, the ultimate load 
behaviour of reinforced normal concrete beams is now well understood. The current 
BS 8110 design method for estimating the flexural strength of a reinforced concrete 
section is based on the following essential assumptions ( Fig. 5.8):

i. Strains in both concrete and steel reinforcement are directly proportional to
the distance from the neutral axis.

ii. The ultimate concrete strain at the extreme compression fibre is 0.0035 and
the parabolic part of the stress block ends at a strain of e = *[fcu/5000.

iii. Tensile strength of concrete is neglected in all flexural calculations for
reinforced concrete.

Further, as an alternative to the stress block shown in Fig. 5.8, BS 8110 states that 
the ultimate moment can be determined from a simplified rectangular stress block of
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intensity 0.45 feu in concrete with a depth of 0.9jc. Accordingly, equation 5.16 can be 
modified as follows:

where,
Mn =  Asfy 1-p ̂ \ dk\fc

k\ =  0 .4 5 (1 -^ /7 1 /5 2 .5 )

(2-V T^/l7-5)2 + 2
4(3-V /c„/l7 .5)

5.18

5.19

5.20

and the values of k 1 and ki  will be 0.405, and 0.45 respectively using the simplified 
stress block technique.
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Fig. 5 .7- Condition a t u ltim ate load, B eam  rein forced  in tension
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5 A .2 A  Current Investigation
The most important factors in any strength estimation procedure are the assumptions 
of a suitable compression stress block, the value of the ultimate compression strain 
(£») at the extreme compression fibre of the beam and the value of Ec. The values of 
Ec were obtained from direct compression test on cylinders.
Some different approaches have been proposed for the prediction of flexural 
strength of HSRC members as stated earlier in the literature review. However, there 
is still little agreement on a comprehensive stress block to be used in predicting 
adequately the ultimate strength of HSRC beams in flexure. In this study four 
approaches are tried along with BS 8110 method. The results of application of these 
approaches are compared with measured test results. The proposed approaches to 
strength computation can be summarised as follows:

(i). Method one
For all the beams tested the flexural concrete strains along the depth of the beams 
were measured at each load increment. The average strain values from the readings 
on each face of the beam were determined and then the neutral axis was located at 
each load stage. The stresses corresponding to these strains are calculated using the 
experimental cylinder stress-strain data. Based on all the stress-strain data obtained 
in this study an equation was developed by employing the regression analysis 
technique in order to obtain the stress values at different distances measured from the 
neutral axis. The equation of this curve was then used to obtain the area of the stress 
block and the location of its centroid by integration. The results of this exercise are 
presented below. The equation of the stress block works out to be:

In addition, from the ultimate strain distribution curve (see Fig. 5.9. i), the strain 
along the beam depth in the compression zone can be written as:

5.21
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where,
Eu = flexural ultimate strain

5.22

y= distance from neutral axis to the given fibre (mm), 
n = neutral axis depth at ultimate load (mm). 

Substituting Eqn. (5.22) into Eqn. (5.21) yields:

Cc = A 5.23

where, A is constant and f c max = Maximum compressive strength of concrete 
cylinder.

The area under the curve is obtained by integrating equation (5.23) between the 
neutral axis and the top of the beam. This can be written as follows:

C = j Ccdy = N A o o
8 u \  0.96

yv ii dy 5.24

where, C- Compression force / mm width of beam.
The location of the centroid of C is then obtained by taking its moment about the 
neutral axis as given below:

y c ]{cc.y)dy 5.25

Then the distance from the extreme compression fibre to the resultant force X is 
given by:

X=  (n -S )  5.26
giving the ultimate nominal moment capacity of the beam, Mn:

M .= C b ( d -X )  5.27
Moreover, in the presence of compression reinforcement equation 5.27 is modified 
to:
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Mn= C b (d — X) + A sf's ( d - d )  
where, b and d are the width and the effective depth.

5.28

For all beams tested the above procedures were applied in order to determine the 
ultimate moment capacity; a sample calculation for beam HSC1-1 is presented in 
appendix-D as an example.

(ii). Method two
In this approach, a triangular stress block was used, the maximum stress at the 
extreme compression fibre is taken as (feu). The resulting compressive force, the 
depth of the neutral axis and then the nominal ultimate moment is calculated as 
follows:

T = C 5.29

5.30

T =Asfy 5.31
The neutral axis depth is given by

5.32fcub
Then the nominal ultimate moment is given by

5.33

In the presence of compression reinforcement equation 5.33 is modified to:

5.34
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(i) M eth od  one (ii) M eth od  tw o

(iii) M eth od  three (iv) M eth od  fo u r

F ig.5 .9- D ifferen t stress blocks o fH S C  beam  in flex u re
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(iii). Method three
This method is inherently similar to method two but using (Ec * £c«) as the 
maximum compressive stress at the extreme fibre. The ultimate flexural strain,£«, of 
each beam was obtained from the respective beam test. The modulus of elasticity 
(Ec) for every beam was also calculated using the expression proposed by 
Carrasquillo et a /J33l and modified by NilsonJ101!

It should be noted that, approaches two and three implies a linear stress-strain 
relationship all the way up to ultimate strain value. Moreover, in view of the 
observed shape of the stress-strain curves of HSC, which are shown in the previous 
Chapter (see Fig. 4.5), the ascending branch of the curve is almost linear, and a 
descending branch is almost non-existent

(iv). Method four
A 2nd degree parabolic stress block was used with feu at the extreme compression 
fibre. The compressive force (C) is computed as two-thirds of the area under the 
parabola times the width of the beam. The value of nominal ultimate strength 
capacity can then be found as follows:

5.35

T =  C 5.36

T= Asfy 5.37

5.38

Asfy 5.392/3fcub
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Therefore, the nominal ultimate moment capacity can be determined as follows:

(  3 ^Mn =  T d -  - nl  8
In the presence of compression reinforcement equation 5.40 yields;

5.40

fMn — T 3 ^d — —n 
V 8

+ A sfs (d -  d ) 5.41

Fig. 5.9(i,ii,iii,iv) illustrates the different block idealisations. Also, Table 5.2 presents 
the measured and calculated ultimate moment capacity of all beams tested using the 
above four methods and also according to BS 8110 ultimate state design method.

It is apparent from the results that the moment capacity of singly and doubly 
reinforced HSC beams is realistically but conservatively predicted by all methods 
presented, particularly the triangular and parabolic stress blocks, i.e., methods 2, 3 
and 4. It should be also stated that method one shows good correlation with the 
experimental ultimate moment capacity Mu, the mean and standard deviation being 
1 and 0.13 respectively. However, in using this method the worst discrepancies were 
observed in the case of beams HSC3-2 and HSC4-3 which were 20% and 22% 
respectively. These discrepancies could be due to the discrepancies in measuring the 
ultimate strains and the consequent evaluation of the depths of the neutral axes.

Additionally, the tabulated results confirm the adequacy of the BS 8110 stress block 
approach for concrete having strength up to 110 MPa since it shows good correlation 
with experimental ultimate moment capacity but generally underestimating the 
strength,the mean and standard deviation being 1.13 and 0.09 respectively. However, 
the worst discrepancies were again observed in the case of beams HSC3-2 and 
HSC4-3, i.e., 25% and 29% respectively. It can therefore, be concluded that all the 
methods presented provide an adequate and safe basis for the prediction of the
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ultimate moment capacities of HSRC beams with f cu up to 110 MPa, and 
particularly, the BS 8110 design method provides a safe basis for the prediction of 
Mu of HSRC beams. In summary, all methods presented are reasonably applicable 
in predicting the ultimate moment capacity of HSRC beams.
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Table 5.2- Measured Vs. Calculated Ultimate Strength o f Test Beams
Beam M u , test 

kN.m
Method 1 
M n, kN.m

Ratio Method 2 
M n, kN.m

Ratio Method 3 
Mn, kN.m

Ratio Method 4 
M n, kN.m

Ratio BS8110 
Mn, kN.m

Ratio
HSC1-1 38.94 38.32 1.02 32.00 1.22 31.96 1.22 32.17 1.21 33.24 1.17
HSC1-2 35.64 42.86 0.83 31.90 1.12 31.97 1.11 32.08 1.11 33.06 1.08
HSC1-3 37.62 37.83 0.99 31.73 1.19 31.89 1.18 31.94 1.18 32.79 1.15
HSC2-1 46.33 53.58 0.86 42.17 1.10 41.93 1.10 42.47 1.09 41.87 1.11
HSC2-2 46.86 55.02 0.85 42.08 1.11 41.96 1.12 42.39 1.11 41.71 1.12
HSC2-3 43.56 52.15 0.84 41.48 1.05 41.99 1.04 41.88 1.04 40.71 1.07
HSC2-4 48.84 40.93 1.19 41.85 1.17 41.60 1.17 42.20 1.16 41.34 1.18
HSC3-1 67.32 61.66 1.09 54.40 1.24 54.80 1.23 54.90 1.23 54.18 1.24
HSC3-2 66.00 54.86 1.20 53.57 1.23 54.69 1.21 54.20 1.22 52.81 1.25
HSC3-3 64.68 62.36 1.04 53.20 1.22 54.48 1.19 53.89 1.20 52.21 1.24
HSC4-1 92.42 98.31 0.94 101.70 0.91 104.30 0.89 103.83 0.89 92.01 1.00
HSC4-2 89.60 96.03 0.93 99.52 0.90 104.47 0.86 101.98 0.88 88.39 1.01
HSC4-3 111.63 91.52 1.22 98.55 1.13 103.43 1.08 101.17 1.10 86.80 1.29
DHSC1-1 106.20 114.24 0.93 117.13 0.91 119.77 0.89 119.25 0.89 102.51 1.04
DHSC1-2 98.69 106.79 0.92 107.75 0.92 111.54 0.88 109.62 0.90 95.27 1.04
DHSC1-3 111.74 114.25 0.98 116.37 0.96 118.00 0.95 118.39 0.94 103.40 1.08
DHSC1-4 105.10 102.87 1.08 107.79 0.98 108.56 0.97 109.44 0.96 96.59 1.09

Mean 1.00 1.08 1.09 1.06 1.13
Std.Dev. 0.13 0.13 0.13 0.13 0.09



5.5 Surface crack spacing

The experimental cracks spacing of some beams are compared with predicted values 
according to the CEB- EC2J51] expression which is as follows:

Srm = 50 + 0.25 /:i A:2(j)/p 5.42
where,
Snn- The average final spacing between cracks, mm
<]>= the bar size, kj= the coefficient which takes account of the bond properties 
(0.8); k2= a coefficient which takes account of the form of the strain 
distribution (0.5 for bending).

The measured and calculated values of the crack spacings of beams are presented in 
Table 4.3. It can be stated that there is somewhat reasonable agreement between the 
measured and theoretical values (i.e., means =1.16 and Std. deviation = 0.31). The 
worst discrepancies were noticed in the case of beams HSC1-2 and HSC2-1 (ratio of 
1.61 and 1.79 respectively). This may be due to the fact that CEB-EC2 expression 
(equation 5.42) is expressed in terms of the geometric properties of the beam cross- 
section and independent of concrete compressive strength, f cu.
In summary, it may be stated that the CEB-EC2 equation predicts the surface crack 
spacing of HSRC beams ,in the pure bending region, reasonably well.

5.6 Surface Crack Width

The existing formulaet27’35! for estimating the width of cracks on the concrete
surfaces are subject to relatively large number in the variables, which makes it
difficult to say which equation is the best for predicting crack width. The author has
endeavoured critically to examine some of the existing formulae and establish a
suitable crack width formula in the context of HSRC beams based on a statistical
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analysis of all experimental data. Below are given two expressions generally used to 
predict the maximum crack width, w max , at the level of the centroid of the tensile 
reinforcement:

W max = 3 .3c  £ /n  BS 8110: partt27! 5.43
where,

b(h — n)
£m= e i - ------------  and3EsAs

ei M
{\Ec)Ic hi

= (4.5 + CEB-FIPI35] 5.44p* k
where,
c= bottom cover measured from the centre of the lowest bar; k= constant; (]) = 
nominal bar diameter ; f s= steel stress ; Ec= average strain in the concrete at the 
level of the centroid of the reinforcement
p<> = > where As= area of tension reinforcement and A e = 2b (h -d ), area
of concrete having the full width of the beam and having the same centroid as 
the main reinforcement (see Fig. 5.10).
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Two considerations were kept in mind to establish an empirical relationship to 
predict the average crack width at the level of the steel reinforcement in the zone of 
pure flexure: firstly, the expression has to be acceptable within the experimental data 
obtained and secondly, it should have a dimension of length. The proposed 
expression was in line with that proposed by Gergely and Lutzt56] and is as follows;

where,
wavg= average crack width at the level of the centroid of the reinforcement, mm
ts = side cover measured from the centre of the outer bar, mm 
A = A e /  -  average effective concrete area around a reinforcing bar, mmi- 2
m= number of tensile reinforcement bars
hi = d - n ,distance from neutral axis to the centroid of reinforcement bars, 
mm

Crack widths obtained from test results were compared with the predicted maximum 
crack width values at the tensile reinforcement level using the above equations (i.e., 
5.43, 5.44 and 5.45). From this analysis it is found that:

i- The BS crack equation grossly overestimated the maximum crack widths 
for HSRC beams in the pure bending region.

ii- The CEB-FIP crack expression gives a close correlation with the observed 
crack widths.

iii- The proposed empirical expression gives satisfactory agreement with 
existing test data with a correlation coefficient of 0.85 (see Fig. 5.11).

5.45
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Fig.5.11- Comparsion between measured and predicted crack width

•  Measured 
S Predicted

5.6 Ductility and Ductility Indices

5.6.1 Introduction
In a broad sense, ductility is defined as the ability of structure to sustain deformations 
beyond the elastic range without significant variation of the resistance capacity. 
Therefore, if the amount is small or negligible, the response is said to be brittle, but if 
the deformation is significant, the response is said to be ductile. Ductility can be 
quantitatively expressed by either member deformation or by sectional curvature. It 
is usually of significance in limit design or earthquake resistant design.
Member ductility is obtained from load-deflection relationships and can be expressed 
as follows:

JUd — A m / Ay 5.46
where,
fjd -  displacement ductility index.
Ay -  deflection at first yield of tensile reinforcement.
Am = deflection at ultimate load.
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Similarly, if the sectional curvature is considered, the ratio is obtained from moment 
-curvature relationships and can be expressed as:

|Ic =  \j/« /  \j/> 5.47
where,
|ic = Curvature ductility index.
\|/v= Curvature at first yield of the tensile reinforcement.
\\fu= Curvature at ultimate load.

It is logical that both indices are related to each other as the deflection is a function 
of the second integral of the curvature along a structural member. In this study 
curvature ductility index was considered.

5.7.2 Derivation of curvature ductility equation
Consider Fig. 5.12 where strain-stress condition is assumed elastic as shown for 
doubly reinforced beam at first yield of the tensile reinforcement.

From the properties of the transformed sections, the net area of transformed section 
can be written as follows:

The distance of the neutral axis from the top compressive fibres (kd) can be 
established for a rectangular section by setting the moments of the transformed area 
about the neutral axis equal to zero.

5.48

b(kd)+  mAs + (m— 1)A 5.49
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b(kd)2Then, — ------f- (m -  l)p'bd(kd -  d ' ) -  m pbd(l— k)d=  0 5.50

where, d'= (d -  k 'd )
Rearranging equation 5.50 and recognising that bd2 ^  0 we have:

k 2—  + (w — l)p'[/r — (1 — £ ') ] -  m p (l-  k)=  0 5.51

Rearranging this equation

k 2——  /np+ mpk+ k — ( w - l ) p '( l -  fc') = 0
k 2— + fc(mp + ( m - l ) p ,) - [ m p  + ( l - . K ’,)p,( m - l ) ]  = 0,

and solving for k we get,

k = — (mp+ p '(/?z-l)) + ̂ J[mp+ p '( /n - l) ]2+ 2[mp + (1 -  k '){m -  l)p'] 5.52
Similarly, for singly reinforced section

k = — mp +^/(mp)2+2/?zp 5.53

m = Es_m
Ec As\bd

Writing the equilibrium equation at ultimate limit state

k i fa, bkd = Asfy -  As f  s giving,

f a ,  (P f y ~  P' f 's)d
k\fcu

kd for singly reinforced sections can be written as follows;

kifcu
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Then, 5.49Ecu¥«= —  ;ka
and \|/,= fy

d (l — k)Es 
Hence for doubly reinforced section

\|fu Ecu k i fcu ( l -k)Eslie = —  = ----------------- ;— , and
f y ( p f y - p f s )

for singly reinforced sections

\j/u Ecu k i feu (1 — k ) Es
p f y 2

5.50

5.51

5.52

Fig 5.12-Stress-strain conditions in doubly reinforced section at yield.
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In the light of test results the following major parameters which affect the ductility 
indices are discussed below:

1. Amount of tensile reinforcement
As it has been established from the definition of the curvature ductility increasing the 
amount of tensile steel decreases the ultimate curvature. Consequently, it decreases 
the ductility curvature index. This is experimentally confirmed as comparing two 
beams with same concrete compressive strength and different tensile steel ratio (see 
Table. 4.3; in Chapter 4) the ductility indices decrease drastically as the tensile steel 
ratio increases. Furthermore, In the light of the experimental results it seems that this 
factor is the most dominant factor influencing the magnitudes of the ductility indices.

2. Concrete strength
Theoretically, \ic is directly proportional to concrete strength (feu). Consequently, 
keeping all other variables constant, increasing concrete strength (feu) would 
increases the magnitude of \ju. Experimentally, in spite of the limited range of 
concrete strength (fcu) in this research study, it was noticed for beams having 
constant tensile steel ratio, and varied concrete strength an increase in curvature 
ductility index,e.g., the curvature ductility indices for HSC1-1, HSC1-2, and HSC1- 
3 beams which were of different concrete strength,fcu, are 7.4, 5.3 and 4.46 
respectively.

3. Confinement reinforcement
The test results did clearly show the expected beneficial effect of web and 
compression reinforcements on ductility. In short, providing web reinforcement 
slightly increased the ductility index (see Table. 4.3), the ductility indices for HSC4- 
1 and DHSC1-2 beams which are of same concrete strength and tensile 
reinforcement, but DHSC1-2 has p * = 0.504%, are 1 and 1.17 respectively.
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CHAPTER 6

EXPERIMENTAL PROGRAMME IN SHEAR

6.1 Introduction

One of the objectives of this study is to investigate experimentally if the present 
codes of practice for concrete shear design can be extended to include HSC having a 
nominal compressive strength ranging up to 120 MPa. An experimental programme 
was carried out to study the shear strength of high strength reinforced concrete 
beams. A total of 17 beams were cast and tested in this experimental programme, in 
addition to the six beams tested previously in flexure, the ends of which were retested 
in shear. The experimental programme aimed to examine the effects of the following 
variables on the shear strength of high strength reinforced concrete beams:
(i) . Concrete strength
(ii) . longitudinal reinforcement
(iii) . Shear span to depth ratio
(iv) . Aggregate interlock

6.2 Specimen Details

All specimens tested in this study were rectangular beams with different length 
varying between 1180 mm and 1800 mm. The tensile reinforcement consisted of 20 
mm (j) bars and the reinforcement ratios were 1.94%, 2.92%, 4.04% and 4.4%. The 
shear span to depth ratio,a/d, was varied by changing the location of the load point on 
the beam surface; ratio of 1.5, 1.75, 2 and 2.6 were used. Tables 6.1 to 6.3 and Figs.
6.1 to 6.4 give specimen details. The specimens were divided into four series. The 
beams of HSRC (group I) had no stirrups and were used to investigate the effects of 
tensile reinforcement, p, and concrete strength, f cu, on the concrete shear capacity of
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reinforced concrete beams. The shear span to depth ratio was 2 for this series, and all 
beams were 1300 mm long, and 150 mm wide, see Table 6.1.

The beams of HSRW1-1 to HSRW1-9 (group II) had stirrups and were designed to 
investigate the effect of both feu and a/d ratio on the shear capacity of HSC. The 
concrete strength varied from 35 MPa to 111 MPa while the shear span varied from
1.5 to 2.6, see Table. 6.2. Another series of beams were cast, beams HSRW1-10 to 
HSRW12 (group III) since most of the beams in groups I and II failed in the long 
span side, i.e., the ultimate diagonal crack had occurred in the long span of the beam. 
In this series the shear reinforcements were provided from the supports up to the 
loading points of the beam. Both groups II and HI contained one each of normal 
strength concrete beam for reference purposes ( NSRC1-5 and NSRW1-1).

Additionally, three more beams (group IV) were cast with preformed inclined cracks 
were cast using the same details as the beams with shear reinforcement up to loading 
point. They were identical to those of group LH except that the aggregate interlock 
mechanism was eliminated by introducing preformed shear cracks, thus enabling 
assessment of the contribution of aggregate interlocking,^, to the ultimate shear 
strength by comparison of the two series.

The beams of group IV were identical to beams of group HI except that a smooth 
diagonal crack was introduced in the beam by using a thin steel plate of 0.8 mm 
thickness in order to eliminate the aggregate interlock. The width of the plate was the 
same as that of the beams, i.e., 150 mm, and each beam had preformed crack in the 
short side of the beam's span. Thus, theoretically the only difference between the 
corresponding beams of group HI and IV is the shear contribution due to the 
aggregate interlock mechanism. The position of the diagonal crack was determined 
from the diagonal failure cracks observed in the beams of group ID. Fig. 6.5 shows 
the position and detail of the preformed crack.
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All beams in groups EH and IV were 1800 mm long, 150 mm wide and 250 mm deep 
with 225 mm effective depth. The shear span to depth ratio,a / d , was 2.

6.3 Testing Procedure

All beam tests were performed using a hydraulic jack through a single loading point 
to provide the required a/d ratio. Loads were increased monotonically at 10 kN 
intervals up to failure, i.e., shear ultimate capacity. At each load increment the 
deflection at the loading point, strain reading along the beam's depth, concrete 
cracking patterns and the development of diagonal cracking were recorded. In 
addition, cube tests were carried out to determine the concrete compressive strength.

6.4 Materials and Their Properties

6.4.1 Concrete
In this part of study three nominal concrete strengths 40, 80 and 120 MPa were 
required. A superplasticizer and silica fume were used to obtain the required HSC. 
The fine aggregate was a natural sand with a wet relative density of 2.61. The coarse 
aggregates, 10 mm and 20 mm, were air dried crushed porphyritic andesite stone. The 
quantities of ingredients used for the different strengths are given in Table. 6.4.

6.4.2 Reinforcement
High yield deformed steel of 20 mm having f y = 442 MPa were used in this part of 
the investigation. The reinforcements were bent at the end according to the BS 4466 
clause 3.12.8.4 to provide sufficient anchorage and to ensure that beams did not fail 
due to insufficient bond. The shear stirrups were fabricated using plain 6 <}) @ 150 
mm, 8 (J) @ 150 mm and 6 (]) @ 100 mm for groups II and ID respectively.

143



Table. 6.1- HSRC beams Without Shear Reinforeement(group I)

Beam Cross-
section

d
(mm)

Rein
forcing
bars

As, 
(mm2)

P
(%)

a/d
MPa

HSRC 1-1+ 150 x 250 225 3<|> 20 942.50 2.92 2 97.00

HSRC 1-2+ 150x250 225 2(j) 20 628.32 1.94 2 102.00

HSRC 1-3+ 150x250 195 4(j) 20 1257 4.04 2 107.00

HSRC 1-4* 150x250 225 3<j> 20 942.50 2.92 2 85.00

NSRC1-5* 150x250 225 3(j) 20 942.50 2.92 2 42.33

+ The variable is steel reinforcement while a/d ratio is constant. 
* The variable is concrete strength while p is constant.
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Table. 6.2- HSC Beams with Shear Reinforcement group II)

Beam Cross-
section

d
(mm)

Rein
forcing
bars

As, 
(mm2)

P
(%)

Pv +
(%)

a/d fu ,
MPa

NSRW1-1 150x250 225 3(J) 20 942.50 2.92 0.126 1.75 35.00

HSRW1-2 150x250 225 3(]) 20 942.50 2.92 0.126 1.75 102.00

HSRW1-3 150x250 225 3(j) 20 942.50 2.92 0.126 1.75 82.30

HSRW1-4* 150x250 207.5 4(j) 20 1257 4.04 0.22 2.6 111.00

HSRW1-5* 150x250 207.5 4((> 20 1257 4.04 0.22 2 109.00

HSRW1-6* 150x250 207.5 4<j) 20 1257 4.04 0.22 1.5 108.00

HSRW1-7* 150x250 207.5 4({) 20 1370 4.4 0.22 2 103.00
l(j) 12

HSRW1-8* 150x250 207.5 4({) 20 1370 4.4 0.22 2 104.00
1(1) 12

HSRW1-9* 150x250 207.5 44> 20 1370 4.4 0.22 2 104.00
1({) 12

*These beams are adopted from  the doubly reinforced sections in flexure.
+ Pv =  s >' where, Av is the area o f web reinforcement within a distance(s).
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Table. 6.3-HSRC Beams with Shear Reinforcement up to Loading point
(group III)

Beam Cross-
section

d
{mm)

Rein
forcing
bars

A s , 
{mm?)

P
(%)

P V  

( % )

a/d fu ,
MPa

HSRW1-10 150x250 225 34) 20 942.50 2.92 0.188 2 111.00

HSRW1-11 150 x 250 225 3<J) 20 942.50 2.92 0.188 2 95.00

NSRW1-12 150x250 225 3(J) 20 942.50 2.92 0.188 2 37.50

Note; Group IV  beams were identical to the above except fo r  the preformed crack, see Fig. 6.4.

Table. 6.4- Concrete M ix  P roportions f o r  the S h ear Test P rogram m e

Mix C
kg/n?

S
kg/n?

C/A
kg/n?

SF
Urr?

SP
Um3

W
L/n?

W/C f cui
MPa

1 528.88 663.4 1561.33 65.6 14.05 66.07 0.23 110

2 528.88 663.4 1561.33 65.6 14.05 107.77 0.31 85

3 371.26 814.37 1221.77 - - 234.22 0.63 40
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Fig. 6.1- Specim en D eta ils f o r  G roup I  B eam s

Fig. 6.2- Specim en D eta ils  f o r  G roup I I  B eam s
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Fig. 6.3- Specim en D eta ils o f  G roup III  a n d  I V  B eam s
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F ig.6.4- Specim en D etails o f  G roup I V  B eam s-Position  o f  the p refo rm ed  
crack

Fig. 6.5- D eta ils o f  P reform ed  C rack an d  Location  o f  D ia l G auges
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CHAPTER 7

PRESENTATION OF EXPERIMENTAL RESULTS IN SHEAR

7.1 Introduction

As described in chapter 6, a total of 23 beams were cast and tested for this part of 
investigation. These beams can be classified into the following groups:

(i) . Group I: Five reinforced concrete beams without web reinforcement. The 
main objective of this series of tests was to investigate the influence of fa, and 
p ratio on the shear capacity of HSC beams.
(ii) . Group II: Nine reinforced concrete beams with web reinforcement. The 
objectives of this series were to investigate the influence of a/d ratio in addition 
to other variables on shear capacity of HSRC beams.
(iii) . Group IE: Three reinforced concrete beams with web reinforcement in the 
longer sections from the loading point to the support. These beams were tested 
to supplement the findings from the tests of group I beams which exhibited some 
uncharacteristic failure pattern.
(iv) . Group IV: Three reinforced concrete beams with a preformed diagonal 
crack. These beams were identical to beams in group HI and were intended to 
assess the contribution of the aggregate interlocking mechanism, V«.

In addition, three plain concrete beams were tested to estimate and compare flexural 
tensile strengths of HSC and NSC.
For all the beams tested, as well as the diagonal cracking load, Vcr, the ultimate shear 
failure loads, Vu, deflections under the point loading and concrete crack patterns were 
recorded at each load increment.
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7.2 General Behaviour and Crack Patterns

At the early stages of loading the beams were free of cracks. With further increase of 
load flexural cracks were observed in the region of high bending moment and these 
cracks tended to curve towards the loading point with the increase of load. After this 
the behaviour of the beams was dependent upon fcu, p and a/d and was influenced 
by the presence or absence of web reinforcement. Further load caused extensions of 
all previous cracks.

It is worth noting that, at failure longitudinal splitting along the main reinforcement 
was prevalent in most of the tested beams having a/d = 2, although, careful 
observation of the actual progress of failure indicated that the longitudinal splitting 
did not trigger the final failure. These cracks developed suddenly at or after the 
ultimate load had been reached. It was also noticed that short horizontal cracks 
developed near failure load just above the level of the longitudinal reinforcement. 
The peculiar cracking characteristics of beams without and with shear reinforcement 
are discussed in the following sections.

(i) Beams without shear reinforcement ( Group I  beams)
The general cracking pattern for all beams in this group was very similar. It was 
relatively easy to follow the sequential progress of the cracks once the first flexural 
cracks had been detected. All the beams tested in this group failed in shear, either in 
diagonal tension or in tension combined with arching action depending on the 
concrete compressive strength (Fig. 7.1).

Beams with f cu > 85 MPa failed in diagonal tension and generally developed 
significant arch action such as beams HSRC1-1 and HSRC1-2 where a wide diagonal 
crack parallel to the first diagonal crack developed, after a significant amount of 
additional load had been applied from when the major diagonal crack had developed.
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Also, beams with normal strength concrete failed in diagonal tension but the final 
failure accompanied with a horizontal splitting failure along the longitudinal 
reinforcement. This may be attributed to the significance of shear bond induced by 
higher strength concrete to the reinforcement.
Fig. 7.1 shows typical failure crack patterns for beams tested. These crack patterns 
show, the initial flexural crack loads were much higher in beams possessing high 
concrete strength. Also, the behaviour showed that HSRC beams were have much 
less vertical flexural cracking. For these beams, the failure loads were substantially 
higher, varying from 120% to 150% of the diagonal cracking loads. This reveals that 
a significant amount of load (i.e., reserve shear capacity) could be carried after the 
development of the major diagonal crack.

Up to the cracking load, shear is resisted mostly by shear stresses in the concrete. 
After cracking, shear is resisted by aggregate interlocking, dowel action of the main 
reinforcement and resistance of the uncrarcked concrete at the top of the beam as 
discussed in the following sections. The percentage carried by each mechanism 
strongly depends on factors such as f cu and p . Examination of the crack widths of 
the beams in this investigation confirmed that the low strength concrete beams had 
wider cracks compared with the higher strength concrete beams at the same applied 
loads.

(ii) Beams with shear reinforcement ( Groups II  & H I beams)
Web reinforcement increases the shear capacity of all reinforced concrete beams but, 
it has little or almost no effect on the crack pattern development of the beam or on its 
diagonal cracking load. As expected, all beams tested in these groups failed in 
diagonal tension, except for beams HSRW1-7, HSRW1-8 and HSRW1-9 which 
failed in shear compression with some destruction of the concrete in the compression 
zone; this is essentially because the latter possess higher web reinforcement ratio 
compared to the former. Generally the cracking patterns of these beams were very
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similar to those of group I; once again it was quite easy to follow the progress of the 
crack once the first flexural cracks were developed. The final failure behaviour of the 
beams tested in this group were not as sudden and as explosive as those in group I 
beams without shear reinforcement. Also, the failure loads were 127% to 145% 
higher than the diagonal cracking loads. The pattern and development of the cracks 
of some beams in groups 11& III are shown in Fig. 7.2.

It was also noticed at about a third of the ultimate load that the cracks developed 
were flexural in group III beams. Above this load diagonal cracks started to develop. 
As expected, the failure diagonal crack in group m  beams was in the short side of 
each beam tested. The ultimate failure loads were between 150% to 213% of the 
diagonal cracking loads. Once again, although all the beams in this series failed in 
diagonal tension, the final failure of the normal strength concrete beam (NSRW1-12) 
was accompanied by a horizontal splitting failure along the flexural reinforcement.
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HSRC1-1
fcu=97M P a
p-2.92%
Failure L oad= 200kN

HSRC1-2
fcu=102M P a
p = l.9 4 %

Failure io a d = I 6 5 k N

HSRC1-3
fcu=107M P a
/?=4.04%

Failure lo ad = 2 2 3 k N

H SRC 1-4 
fc u = 8 5  MPa 
p-2.92%

Failure lo a d =  1 9 0 k N

Fig. 7.1 Cracking Patterns o f Beams Group I  {a/d-2)
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N SRC 1-5 
fe u —42.3 MPa 
p-2.92%

Failure !o a d = 1 3 0 k N

Fig. 7.1 Continued: Cracking Patterns o f Beams Group I  (a/d=2)

NSRW l-l 
fe u —3 5  MPa
p= 2.92%

Failure lo ad = 15 0k N

HSRW1-2 
fcu=102M P a  
p= 2.92%
Failure lo a d = 2 4 5 k N

--------------------------------------------------------------#-

HSRW1-3 
fcu -82 M P a  
p= 2.92%
Failure load= 220kN

Fig. 7.2 Cracking patterns o f some Beams in Group II  & H I (a/d=1.75)
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HSRWI-10 
fc u = l l l  MPa 
9=2.92%
Failure ioad=320kN

H s m i- u  
fcu=95MPa 
p= 2.92%
Failure Ioad=278kN

NSRlVl-12
fcu=37.5MPa

Failure Ioad=150kN

The numbers in the figures represent the applied load

Fig. 7.2 Continued:Cracking patterns o f some Beams in Group II  & III  (afd-1.75)
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7.3 Diagonal Critical Crack and the Ultimate Shear Capacity

In this study the diagonal cracking stress,Vcr, is defined as the shear stress at which 
the diagonal crack crossed the mid-depth of a beam. In most cases the first diagonal 
crack eventually developed into the final failure crack. Tables 7.1, 7.2 and 7.3 show 
that the diagonal cracking stresses, as estimated from the observation of the concrete 
cracking patterns, were quite low compared with the measured ultimate shear 
stresses. However, in most of the tests, the diagonal cracking stress were higher than 
the values predicted by the BS 8110, ACI 318 codes and well below those given by 
the CEB-FIP shear expression.

The values of Vc obtained from equations 8.12, 8.13 and 8.14 were compared with 
the diagonal cracking stresses, Vcr, as shown in Table 7.2; the averages of the ratios 
of Vcr to Vc obtained from BS 8110, ACI 318 and CEB-FIP equations work out to be 
1.12, 1.10 and 0.87 with standard deviations of 0.14, 0.18 and 0.2. These 
demonstrate that BS and ACI equations give good prediction of Vcr while the CEB- 
FIP expression overestimates it.

The values of v« predicted by Zsutty's expression (equation 8.11) were also 
compared with the measured ultimate shear strengths,v«, as shown in Tables 7.1 and 
7.2; the averages of the ratios of Vu to Vn work out to be 1.09 and 1.04 with standard 
deviations of 0.05 and 0.16 which indicate a very close agreement between the 
predicted and the test results.

7.4 Effect of Concrete Strength

As expected, the ultimate shear stress, Vu, of the test beams increased with increase in 
feu but at a slower rate than the increase in concrete strength.
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Also, the diagonal cracking shear capacity tended to increase with feu. This trend was
consistent for all the beams tested, for example,vCr = 3.54 and 2.88 MPa for beams
HSRW1-10 and HSRW1-11 respectively which had the same design criteria but 
feu =94.4 and 80.8 MPa respectively. The ratio of ■’ /  for these two beams were
26.67 and 28.09 respectively.

It was noticed from the test results that the ultimate shear stress, v«, (at different feu 
values and constant p and a/d ratios) followed a reasonable trend and gave general 
agreement with the values predicted by Zsutty's expression (equation 8.11). In that 
respect, as far as the final cracking patterns and the ultimate shear strengths are 
concerned it could be stated that good reproducibility in the data was obtained. The 
effects of feu on the shear stresses vcr and v« are shown in Fig. 7.3.

On the other hand, the tests on the plain concrete beams indicated that the flexural 
tensile strength for 107 MPa concrete was 6.43 MPa and for 40 MPa concrete 3.47 
MPa which were in reasonable agreement with the tensile strength results obtained 
using splitting cylinder tests.

Fig. 7.3-Effect o f  feu on shear stress at constant a/d

--------- BS 8110
■ +---------A C1318

-------- CEB-FIP
Zsutty

•  Vu,exp.
♦ vcr, exp.
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7.5 Effect of Flexural Reinforcement Ratio, p

The effect of p on the shear stress of test beams is shown in Fig. 7.4 from which it 
can be seen that p has a significant effect on the ultimate shear stress of HSC beams. 
For all beams tested with and without web reinforcement, increasing p increased the 
shear stress capacity. For instance, by comparing the beams HSRC1-2 and HSRC1-3 
which had approximately the same feu, but p of 1.94% and 4.04% respectively, it is 
seen that the ultimate shear strength of beam H SRC 1-3 was about 36% greater than 
that of beam HSRC1-2 (see Fig. 7.4).

Fig. 7.4- Effect o f  Flexural Reinforcem ent on Shear Stress

—  v e r ,  exp. 
v u ,  exp. 
vw, exp.

—  BS8U0,vc  
A 0  318.VC

—  CEB-FIP.vc 
Z s u t l y . v n

1.5 2 2.5 3 3.5 4 4.5
Flexural reinforcement, %

It can be seen from the limited test results given in Table 2 that the diagonal cracking 
stresses, vcr, compared quite favourably with stresses predicted by the BS 8110 and 
ACI 318 expressions; the BS 8110 expression gave a safer prediction compared to 
that by ACI one. It should be further stated that the ACI 318 expression (equation 
8.2) is restricted to beams possessing lower values of p . From Table 7.2 it can be
seen that the CEB-FDP expression( equation 8.3) gave unsafe design shear capacities 
at different p values for all beams tested (i.e.,v^ /  < 1).
In conclusion, the BS 8110 expression generally gave safe shear diagonal stress 
predictions whereas the ACI code expression gave slightly conservative values for
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beams with web reinforcement; the CEB-FIP generally gave unsafe shear predictions 
for all beams tested. In comparing these values the writer is very aware that the 
number of tests in this programme was limited and the comparison of Vcr against vc 
could be somewhat subjective in that the accuracy of Vcr depended on the skill of the 
observer. Additionally, it was noticed that the test results of ultimate shear stress (at 
different p values) followed a reasonable trend and were in general agreement with 
the values predicted by Zsutty's expression (equation 8.11).

7.6 Effect of a/d Ratio

The effect of a/d ratio on shear strength is shown in Fig. 7.5. Generally, the shear 
strength decreased dramatically with an increase of a/d, all other variables remaining 
constant. For the same applied load on the beams higher a/d means larger bending 
moment in the shear span; thus, the depth of penetration of the flexural cracks 
increases. Therefore, the flexural stresses near the crack tip increase. By increasing 
a/d, the possibility grows that a flexural crack will develop into a diagonal one. For 
instance, the beams HSRW1-4 & HSRW1-6 are compared which had approximately 
the feu and p values and a/d = 2.6 and 1.5 respectively; it was found that increasing 
a/d from 1.5 to 2.6 resulted in a reduction in shear strength of about 42% (see Table 
7.2). However, it was noted that the shear strength of the beams was also affected by 
the reinforcement ratio, p , which can be seen by comparing the beams HSRW1-5 & 
HSRW1-8 which had approximately the same f cu and a/d ratio but values of p = 
4.04% and 4.4% respectively. For beam HSRW1-5 with p of 4.04% the ultimate 
shear strength was reduced by 35% lower than that of beam HSRW1-8 ( p = 4.4%). 
This substantial reduction could be attributed to yielding of the longitudinal 
reinforcement near to failure.

As stated earlier the values of V c  obtained from equations 8.12, 8.13 and 8.14 were 
compared with the diagonal cracking stresses, V c r ,  as shown in Table 7.2; the ratios
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of V c r  to V c  obtained from BS 8110 were slightly conservative and in very close 
agreement (i.e.,v' /  = 1.06,1.16 and 1.02 for beams HSRW1-4 and HSRW1-5 and
HSRWl-6 respectively). It was also found that the ACI equation gave a safe 
prediction of shear diagonal stress values for different a/d ratios. It was of interest to 
note that the ratio of measured to predicted shear strength employing the ACI 
equation decreased with increasing a/d ratio (compare HSRW1-4 and HSRWl-6 
beams, Table 7.2), whereas these ratios showed a relative increase with higher a/d 
ratios when BS 8110 code equation was employed. As before, the CEB-FIP equation 
was found to be unsafe in predicting the design shear stress of HSRC beams.

It was further noted from the test results that the ultimate shear stress at different a/d 
ratios followed a reasonable trend and these were in general agreement with the 
values predicted by Zsutty's expression (equation 8.11). Additionally, it is worth 
stating to state that the higher ultimate shear strength of a beam having lower a/d 
ratio may be attributed to arch action as part of the load is transmitted by means of 
diagonal compression towards the supports.

Fig. 7.5- Effect o f  a/d on Shear Stress o f  Beams with Constant feu

fcu = l 10 MPa
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Table 7.1-Experimental and Predicted Shear Stress o f Beams without Shear Reinforcement (group I)
Specimen design criteria Measured shear stress, 

MPa
Predicted shear stress, 

MPa
Ratio o f

V c r /
/  V c

Ratio
V u /  
/  V n

V c V n

Beam f e u

MPa
/ c *
MPa

P%
a/d V c r Jcu/  

/ Vcr
V u J e tt/  

/ Vu
BS8110 A C I318 CEB-FIP Zsutty V c r /

/BS8110
V c r /

/A C I 318
V c r // C E B -F IP V u /

/ Zsutt)

HSRC1-1 97.00 82.45 2.92 2.00 1.56 62.18 3.21 30.22 1.64 1.70 2.56 2.89 0.95 0.92 0.61 1.11
HSRC1-2 102.00 86.70 1.94 2.00 1.56 65.38 2.74 37.23 1.45 1.66 2.15 2.57 1.07 0.94 0.73 1.07
HSRC1-3 107.00 90.95 4.04 2.00 2.10 50.95 3.72 28.76 1.95 1.87 1.91 3.33 1.07 1.12 1.10 1.12
HSRC1-4 85.00 72.25 2.92 2.00 1.82 46.70 3.16 37.28 1.57 1.61 2.06 2.77 1.16 1.13 0.89 1.14
NSRC1-5 42.33 35.98 2.92 2.00 1.66 25.50 2.25 18.81 1.24 1.21 1.63 2.19 1.34 1.37 1.02 1.03

Avg. 1.12 1.10 0.87 1.09

Std.
Dev.

0.14 0.18 0.20 0.05

* f c= cylinder strength assumed to be 0.85 o f  feu



Table 7.2-Experimental and Predicted Shear Stress o f Beams with Shear Reinforcement (group II)
S pecim en  design  c r ite r ia M ea su red  sh e a r  stress, 

MPa
P re d ic te d  sh ea r  stress, 

MPa
R atio  o f

V c r //  V c

R atio
V u /  /  V n

Vc Vn
B eam feu

MPa
f c  +
MPa

P
%

pv
% a /d Vcr J C U /

/ V c r

Vu J C l l /
/ V u

B S 8110 A C I 3 1 8 CE B-F IP Z su tty V c r //B S 8 1 1 0 V c r /Z A C I318 V c r /
/ C E B - F I P

V u // Z su tty

NSRW1-1 35 29.75 2.92 0.13 1.75 1.66 21.08 2.37 14.77 1.65 1.48 1.92 2.78 1.01 1.13 0.87 0.85
HSRW1-2 102 86.70 2.92 0.13 1.75 2.24 45.54 4.07 25.06 2.22 2.09 2.60 3.83 1.01 1.07 0.86 1.06
HSRW1-3 82.3 69.96 2.92 0.13 1.75 2.24 36.74 3.55 23.18 2.15 1.94 2.52 3.59 1.04 1.15 0.89 0.99
HSRW1-4 111 94.35 4.04 0.22 2.60 2.17 51.15 3.21 34.58 2.05 2.14 2.89 2.93 1.06 1.02 0.75 1.10
HSRW1-5 109 92.65 4.04 0.22 2.00 2.89 37.72 3.98 27.39 2.49 2.20 3.08 3.90 1.16 1.31 0.94 1.02
HSRW1-6 108 91.80 4.04 0.22 1.50 3.20 33.75 4.57 23.63 3.12 2.31 3.33 5.45 1.02 1.38 0.96 0.84
HSRW1-7 103 87.55 4.40 0.22 2.00 2.58 39.92 3.90 26.41 2.50 2.19 3.11 3.93 1.03 1.18 0.83 0.99
HSRW1-8 104 88.40 4.40 0.22 2.00 2.45 42.45 5.36 19.40 2.51 2.20 3.12 3.94 0.98 1.11 0.79 1.36
HSRW1-9 104 88.40 4.40 0.22 2.00 2.59 40.15 4.46 23.32 2.51 2.20 3.12 3.94 1.03 1.18 0.83 1.13

A vg. 1 .0 4 1 .1 7 0 .8 6 1 .0 4
Std.
D ev.

0 .05 0.11 0 .0 7 0 .16

*  f c =cylinder strength assumed to be 0.85 o f  feu and Vu =  Vc + V*, where; Vs = - - - - - - - , (MPa)bs



Table 7.3-Experimental and Predicted Shear Stress of Beams (group III)
Specim en  design  c r ite r ia M ea su red  sh ea r  stress, 

M P a
P re d ic te d  sh e a r  stress, 
M P a

R atio  o f
Vcr//  Vc

R atio
Vu/ /  Vn

Vc Vn
B eam feu

MPa
/c*
MPa

P%
a /d Vcr jClt// Vcr feu/ / Vu B S 8110 A C I 3 1 8  CE B-F IP Z su tty ©oo

\cq>
V c r /7 a CI 318 V c r /7C E B - F t p Vu//  Z su tty

HSRW1-10 111.00 94.35 2.92 2.00 3.54 31.36 7.08 15.68 1.73 1.81 2.27 3.02 2.04 1.96 1.56 2.34
HSRW1-11 95.00 80.75 2.92 2.00 2.88 32.99 6.16 15.42 1.64 1.69 2.16 2.87 1.75 1.70 1.34 2.14
HSRW1-12 37.50 31.88 2.92 2.00 2.21 16.97 3.32 11.30 1.21 1.16 1.59 2.11 1.83 1.91 1.39 1.58

A vg.. 1 .8 7 1 .8 6 1.43 2 .02

Std.
D ev.

0 .15 0 .1 4 0.12 0 .40

*  fc =  cylinder strength assumed to be 0.85 o f  feu



7.7 Unusual Cracking Pattern

While testing the beams in shear an unusual phenomenon was observed which was: 
diagonal shear cracks developed in the long span of beams HSRC1-3, NSRC1-5, 
NSRW1-1 and HSRW1-2 near the failure loads. At early stages of loading flexural 
cracks appeared; on increasing the load one of these cracks near the support tended 
to curve towards the loading point. With further application of load, a diagonal crack, 
different from the others, suddenly appeared in the short span of each beam. The 
crack tended to widen with the increase of load.

With further increase of the load a diagonal crack suddenly appeared in the longer 
side of each beam tested; the diagonal shear crack in the short side stopped 
developing. The failure of the beam occurred after the full development of a diagonal 
crack in the long side of the beam which was accompanied by the development of a 
wide horizontal crack near to and parallel with the main reinforcement.
The failure was adjudged to be either bond diagonal tension or bond diagonal 
compression failure. As no clear explanation of this phenomenon could be offered, it 
was decided to cast another three beams providing web reinforcements in the long 
side of the beams to prevent this phenomenon from occurring. (See Figs 7.1 and 7.2).

7.7.1 Beams with stirrups in the long side
Three reinforced concrete beams with nominal concrete strength of 40, 80 and 120 
MPa were cast and tested. The reinforcement and a/d ratios were 2.92% and 2 
respectively. The observed cracking behaviour of these beams under load was almost 
the same at low loads when flexural vertical cracks developed up to 160 kN for 
HSRW1-10, 130 kN for HSRW1-11 and 100 kN for NSRW1-12 respectively. After 
that the cracks tended to widen until ultimate diagonal shear failure occurred in the 
short side.
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The values of Vc and Vu obtained from equations 8.11, 8.12, 8.13 and 8.14 were 
compared with the diagonal cracking stresses, V c r ,  and the ultimate shear strength, v«, 
as shown in Tables 7.3.

It has further been noted that the addition of web reinforcement significantly 
affected the ultimate failure loads as compared with the previous beams. The 
ultimate failure load for beam HSRW1-10 was 330 kN {fa, = 111 MPa), 290 kN for 
beam H SR W l-ll(/«  = 95 MPa) and 150 kN for beam NSRW1-12 (/«  = 37.5 
MPa).

Table 7.4- Experimental Results: Diagonal Crack and Ultimate Loads
Beam feu,

MPa P >% P V .
%

a/d Vcr,
kN

Vu,
kN

HSRC1-1 97.00 2.92 - 2.00 93.81 193.04
HSRC1-2 102.00 1.94 - 2.00 93.81 164.77
HSRC1-3 107.00 4.04 - 2.00 126.29 223.71
HSRC1-4 85.00 2.92 - 2.00 109.45 190.00
NSRC1-5 42.33 2.92 - 2.00 99.83 135.31
NSRW1-1 35.00 2.92 0.13 1.75 99.83 142.52
HSRW1-2 102.00 2.92 0.13 1.75 134.71 244.76
HSRW1-3 82.30 2.92 0.13 1.75 116.74 220.00
HSRW1-4 111.00 4.04 0.22 2.60 120.35 178.02
HSRW1-5 109.00 4.04 0.22 2.00 160.28 220.73
HSRW1-6 108.00 4.04 0.22 1.50 177.47 253.45
HSRW1-7 103.00 4.40 0.22 2.00 143.08 216.29
HSRW1-8 104.00 4.40 0.22 2.00 135.87 297.26
HSRW1-9 104.00 4.40 0.22 2.00 143.64 247.35
HSRW1-10 111.00 2.92 - 2.00 167.27 334.53
HSRW1-11 95.00 2.92 - 2.00 136.08 291.06
NSRW1-12 37.50 2.92 - 2.00 104.42 156.87
HSRW1-13 122.00 2.92 - 2.00 - 206.96
HSRW1-14 95.00 2.92 - 2.00 - 168.68
NSRW1-15 37.50 2.92 - 2.00 - 108.20
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7.8 Load-Deflection Behaviour

The structural behaviour of a beam under load can be described by observing the 
characteristics of the load-deflection curve of a beam. Figs. 7.6 to 7.10 show the 
applied load versus deflection at loading point of beams tested. The behaviour of the 
beam was initially linear as can be seen in Figs 7.6 to 7.10 but as the loading 
increased non-linear behaviour dominated due to the formation of flexure and shear 
cracks. As expected the beams with higher flexural reinforcement ratio,p, 
demonstrated a stiffer response to loading, see Fig. 7.6.

The effect of concrete strength feu and the reinforcement ratio p can be seen clearly 
by comparing the beams (i) HSRC1-1 and HSRC1-3 (see Fig. 7.6) which had 
approximately the same concrete strength, 97 and 107 MPa, but values of p = 2.92% 
and 4.04% respectively; beam HSRC1-3 was approximately 20% stiffer than beam 
HSRC1-1; (ii) HSRC1-4 and NSRC1-5 (see Fig. 7.7) which had the same 
reinforcement ratio p= 2.92% but different f cu value 85 and 42 MPa respectively. 
Beam HSRC1-4 was approximately 30% stiffer than beam NSRC1-5.

The effect of a/d ratio on deflection can be seen in Fig. 7.9, the load deflection curve 
being relatively linear. Beams HSRW1-5 and HSRW1-6 with a/d ratio of 1.5 and 2 
generally showed a significant increase in stiffness after formation of the major 
inclined crack compared with beam HSRW1-4 with a/d= 2.6. It was also noticed that 
providing shear (web) reinforcement increases the load capacity of beams, for 
example, beam HSRC1-1 in Fig. 7.6 and beam HSRW1-2 in Fig. 7.8 both had same 
p and fa, but the latter with web reinforcement failed at a load of 245 kN compared 
190 kN for the former. Additionally, the slope of the load-deflection curve is much 
steeper demonstrating greater stiffness when web reinforcement is present.
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Fig. 7.7-Load-Deflection at Loading Point o f  Beams with Different feu

■ * --------HSRC 1-4
- • ---------N SRC 1-5

167



Lo
ad

, k
N

 
Lo

ad
, k

N

Fig. 7.8-Load-Deflection at loading point o f Beams with Different feu

---------N SRW l-l
♦ -------HSRW1-2
-*— - HSRW1-3

Fig. 7.9- Load-Deflection at Loading Point o f  Beams with Different a/d

-----■ -----HSRWl-4
---- •-----HSRW1-5
----- ♦ ----- FI SR W l -6

168



Fig. 7.10-Load-Deflection at Loading Point o f Some Beams

-------* ------- HSRWl-7
— • -------HSRW1-8

------- ■ --------HSRW1-9

7.9 Tests of Beams with Preformed Diagonal Crack

This subsection reports the effect of concrete strength on aggregate interlock. Three 
reinforced concrete beams with web reinforcement up to loading point in the long 
section and having preformed diagonal cracks in the short section were tested to 
study the influence of the concrete strength on the aggregate interlock shear transfer 
mechanism, Va. The beams were made of concrete having nominal strengths of 40, 80 
and 120 MPa and were tested under single point loading using the same a/d ratio of 
2. The ultimate shear failure load ,F«, deflections at loading point, concrete cracking 
patterns and the longitudinal surface strains in the compression zone concrete were 
recorded at selected load stages.

7.9.1 Crack pattern development and general behaviour
The crack pattern in beams having preformed diagonal crack differed markedly from
beams without preformed diagonal cracks. The preformed diagonal cracks opened
early during the test, i.e., 70 kN for HSRW1-13 and 40 kN  for HSRW1-14 beams.
This affected the subsequent formation of flexural cracks. Most flexural cracks in
these beams remained vertical throughout the test up to load of 110 kN. The
propagation of the flexural cracks was limited by the development of cracks in the
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preformed diagonal crack region unlike in beams without preformed diagonal crack 
where the flexural cracks propagated extensively and tended to incline towards the 
loading point during the later stages of the load.

It was also noticed, that horizontal cracks developed along the main reinforcement 
during later stages of the tests. All the beams in this series had almost identical crack 
patterns, (see Fig. 7.11 for the crack patterns). In beams without preformed crack, 
flexural cracks were the first cracks to be seen whereas, in beams with preformed 
crack, flexural cracks were noticed after separation at the inclined portion of the 
diagonal crack. Flexural cracks then formed along both the short and long sections. 
As the load increased the preformed diagonal crack continued to propagate both 
towards the loading point and the support point. Moreover, additional loads did not 
seem to change the vertical flexural cracks very much. Eventually, the failure was 
sudden and explosive, all beams in this series failing in shear tension.
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Fig. 7.11 Cracking Patterns o f Beam HSRW1-13 (a/d=2)
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Fig. 7.11 Continued: Cracking Patterns o f Beam HSRW1-14 (a/d-2)
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7.9.2 Estimation of Shear Transfer Carried by Different Mechanisms
7.9.2.1 Shear capacity carried by compression zone
A semi-empirical method, which was originally developed by TayloH131] was 
employed to estimate the shear strength carried by the compression zone,Vcz, from 
strain readings taken at different levels along the beam's depth. The analytical 
procedures are presented in Chapter 8.

7.9.2.2 Shear capacity carried by aggregate interlock
As described earlier in Chapter 6, the aggregate interlocking forces were removed 
from all beams of group IV by preforming smooth diagonal cracks. Therefore, in 
order to determine the shear resisted by the aggregate interlock mechanism, the 
ultimate shear capacities of these beams (group IV) were compared with those of 
group III, which had no diagonal preformed cracks.

7.9.2.3 Shear carried by dowel action
The compression zone shear stress,Vcz, was computed analytically from the 
longitudinal strain readings taken in the compression zone of a beam. Thence, the 
dowel resistance, va, was postulated to be equal to the numerical difference between 
the total applied shear and the compression zone mechanism contribution, i.e.,

Vd = Vu — Vcz 8.5

Following the procedures proposed by Taylor^131! which are presented in details in 
Chapter 8 concerning the estimation of the shear force resisted by the concrete 
compression zone,V«, the dowel action,W, was determined at every load stage. As it 
can be seen from Figs. 7.12 to 7.14, the dowel action was the more predominant 
shear mechanism in all beams tested compared with the concrete compression zone 
contribution (i.e., Vd = 72, 73 and 81% of the ultimate shear strength,v«, for beams 
HSRW1-13, HSRW1-14 and HSRW1-15).
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Fig. 7.14- Applied versus Calculated Shear Stress

7.10 Contribution of Shear Mechanisms to Beam Shear

Fig. 7.15 represents the ultimate strength capacities of group III and IV beams. The 
shear contribution by aggregate interlock at any feu should be the difference between 
the curves representing group III and IV. The shear strength contributed by the 
compression zone,vcz, and dowel action,Vd, are also presented in Fig. 7.16. The 
percentage contributions of various shear transfer mechanisms in terms of the total 
concrete shear strength, Vu, are given in Table 5.

7.10.1 Significance of aggregate interlock
From the analysis of test data at low and higher concrete strengths the aggregate 
interlock mechanism was a significant contributor to the total shear carried by the 
beam, i.e., 34 percent for a beam having 40 MPa concrete strength and about 42 
percent for beams having concrete strength of 110 MPa. The results did clearly 
indicate that the role of this mechanism at higher strengths is slightly increased. 
Moreover, this mechanism had a predominant influence on the ultimate load carried 
by the beam. In other words, the contribution of this mechanism to the total shear 
strength of the beam was approximately 42 percent for higher concrete strength 
beams.
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7.10.2 Significance of compression zone shear
The test results did clearly indicate that the shear carried by the compression zone 
showed a slight increasing trend with increasing f cu, see Fig. 7.16 and Table 7.5. 
However, for practical purposes vcz can be considered to be fairly constant with 
increasing f cu .

It is worth noting that the compression zone shear depends on Ec and the strain 
conditions, i.e., at a constant level of applied load on the beam, as fcu and Ec 
increase the neutral axis rises and thus strain decreases. Therefore, the compression 
zone shear does not seem to vary markedly as the foregoing factors have nullifying 
effects.

7.10.3 Significance of Dowel Action
As a result of the flexural rotation of the compression zone, shear displacement is 
created along the critical horizontal and diagonal cracks. The vertical displacement at 
the level of the flexural reinforcement can not develop unless either the flexural 
reinforcement or the surrounding concrete deforms. Therefore, a resistance is 
induced at the level of the flexural reinforcement which is known as the dowel 
action. Moreover, this action introduces tensile stresses in the concrete surrounding 
the flexural reinforcements. As this stress exceeds the tensile strength in the concrete, 
splitting of concrete occurs along the reinforcement.

The results did clearly indicate that va is a predominant contributor to the ultimate 
shear load carried by a beam. However, as fcu increased from 40 to 110 MPa, the 
shear carried by dowel action did not increase but rather decreased as a percentage 
from 53% of total shear for a beam having 40 MPa to 44% of total shear for a beam 
having 110 MPa concrete strength (see Fig. 7.16). Table 7.6 also presents the 
contribution of different shear mechanisms at ultimate strength condition for 
different concrete strength.
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Table 7.5- Ultimate Shear Capacity and Their Element Shear Contribution
Specimen criteria Beams without 

preformed 
diagonal crack

Beams with preformed diagonal 
crack

Beam feu, MPa V u ,  MPa V u ,  MPa V c z ,  MPa V d , MPa
HSRW1-10 111-122* 7.08 4.38 1.24 3.14
HSRW1-11 95 6.16 3.57 0.94 2.63
NSRW1-12 40-37.5* 3.32 2.29 0.44 1.85

*The firs t number represents feu o f Group I I I  Beams whereas the second fo r  Group IV  Beams

Table 7 .6-Percentage C ontribution  o f  D ifferen t S h ear M ech an ism s to B eam  
Strength  a t U ltim ate C apacity

Shear
Strength

Percentage of Vu * contributed by each 
mechanism

Concrete Strength
( f cu)

Va 34_40%+ 40 <fcu <111 MPa
Vez 13-17% + 4 0 <fcu < 111 MPa
Vd 53-43%+ 40 <fc, <111 MPa

*Vu was calculated from  beams without preformed crack
+The firs t number represents the percentage contribution at lower o f feu and the second represents 
the upper lim it o f feu
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7.11 Shear Ductility and Ductility Index

Adequate flexural ductility is necessary for structures in high seismic regions. Many 
serious problems pertaining to the structural behaviour of reinforced concrete 
structures under seismic action can be attributed to the poor characteristics of 
reinforced concrete when subjected to shear. In that respect, the shear ductility is 
discussed in this sub-section.
Ductility can be defined as the ability of a structure to sustain deformation beyond 
the elastic range without a significant variation of the resistance capacity. To quantify 
this definition, the shear ductility index,p^, is defined as the ratio of the load- 
deflection characteristics area at P max. (area Aj) plus 0.75 P max (area A2) in the 
descending portion of the area to P max. (area Aj ), i.e.,

\Xs =
Ai + A 2 

A\ 7.6

where; \h= shear ductility index, A\= area of load-deflection up to P max.and Ai = 
area of load-deflection up to 0.75Pmax.. Fig. 7.17 represents the schematic diagram 
for the definition of the shear ductility ratio,\h. Based on this definition, the shear 
ductility indices were calculated from the test results of 14 beams, i.e., group I and 
n, and these results are presented in Table 7.7. These results clearly indicate a slight 
increase in the shear ductility index as the tensile reinforcement decreases, i.e.,jis= 
1.49 for beam HSSRW1-5 and (is= 1.14 for beam HSSRW1-9. It appears that the 
most desirable steel ratio for high shear ductility index,|is, is p = 2.92%.

The influence of a/d ratio on the shear ductility index is shown in Fig. 7.18 which 
indicates that the shear ductility index increases with a/d ratio.
Additionally, one should state that providing web reinforcement significantly 
increases the shear ductility index particularly for beams made with normal strength 
concrete.
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Table 7 .7 -  Test Results ofHSRC Beams on Shear Ductility
Beam P max.

k N
A max

mm
HSRC1-1 200 3.00 4.15

HSRC1-2 165 3.00 2.59

HSRC1-3 228 3.33 2.40

HSRC1-4 190 3.5 1.90

NSRC1-5 135 2.44 2.12

NSRW1-1 150 4.00 4.28

HSRW1-2 245 4.50 2.94

HSRW1-3 220 5.50 1.80

HSRW1-4 180 11.32 2.10

HSRW1-5 220 13.95 1.49

HSRW1-6 255 13.16 1.17

HSRW1-7 220 12.50 1.48

HSRW1-8 300 10.00 1.29

HSRW1-9 250 12.50 1.14

A  max =  deflection corresponding to maximum load
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CHAPTER 8

THEORETICAL CONSIDERATIONS IN SHEAR

8.1 Introduction

As described earlier in the literature review the problem of shear capacity of 
reinforced concrete members has been engaging the attention of many researchers. 
Despite this, it has not yet been fully solved simply because of the fact that the stress 
condition in concrete structures under different loads are quite complex. In addition, 
to the writer's best knowledge very little information , in the area of shear on HSRC 
members, is available in terms of shear contribution of different elements in the 
beams and failure mechanisms. In this chapter, an attempt has been made to discuss 
in some detail both the above aspects in the context of HSRC beams failing in 
shear.

8.2 Analytical Methods of Shear Capacity

Many researchers have attempted to develop rational solutions to the problem of 
shear in reinforced concrete. These approaches can be classified under the following 
categories: (i) Tooth analogy (ii) Arch analogy (iii) Compression theory (iv) shear- 
compression theory (v) Rigid elasto-plastic model (vi) Statistical analysis (vii) Code 
of practices. These are briefly described in the following subsections.

8.2.1 Tooth analogy
It is assumed that the concrete between adjacent flexural cracks behaves as a 
cantilever fixed to the compression zone of the beams under the action of the bond 
stresses. This model was proposed by Kanit71i and Fenwick et a/J53i. Kani 
considered an isolated tooth which was subjected to a bond force,AT,which
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represented the difference in tension forces in the flexural reinforcement at the two 
sides of the tooth, see Fig. 8.1. It was further assumed that the force in steel varied 
linearly from a maximum under the loading point to zero at the supports. Kani also 
considered the average tooth rather than the longest and weakest one and neglected 
any shear transfer across the crack caused by aggregate interlock or by dowelling 
action. This rational theory indicates that the flexural stresses at the root of the 
concrete tooth due to the bond force,AT, can be substantially larger than the diagonal 
tensile stresses. If a straight line is assumed to act at the root of the tooth (see Fig. 
8.1) as a variation of the flexural stresses, then the magnitude of the flexural stress at 
the extreme fibre of tooth is given by:

6 AT s
b (Ax) 2

and the maximum shear stress by:

8.1

V  max —  3 /2 -----  8.2b Ax
One should state that despite different investigations relating to the stress condition 
of a concrete tooth cantilever analogy by researchers such as T ay lo r^1!, the 
approach does not clearly explain why the diagonal shear crack initiate near the tip of 
the flexural crack. Even though this analogy provided some insight into the probable 
mechanism of failure it did not lead to a comprehensive method of analysis or design 
as most codes of practice have chosen the ultimate shear stress as the parameter for 
determining the shear of a beam and consider it of primary importance, whereas this 
approach employs the bond force intensity as the main indicator of design failure. 
Thus, it can be stated that the tooth analogy did not find favour with the various 
codes of practice as a design method.
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Concrete beam subject to point 
load and steel (bond) forces.

S im plif ied  model of a 
typical concrete tooth.

v b A x

8.1-C oncrete Tooth A n a lo g y .[73]

Legend:

AT =  horizontal loading on concrete tooth caused by main reinforcement 
Ax = depth of crack tooth 
s =  average crack length 
jd  = lever arm of internal moment
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8.2.2 Arch analogy
This analogy attributed to Kanit73!, has been used to represent internal stress 
conditions in beams subjected to shear and flexure. The main objective of this 
analogy was to reduce the complexity and indeterminacy of the actual cracked beam 
and an element between adjacent cracks is isolated and treated as a tied arch free 
body as shown in Fig. 8.2.
In this approach, the dowel action of the main reinforcement is neglected and the 
transverse shear is carried by components of shear and compressive stresses along 
the arbitrary arch boundaries in the uncracked parts of the beam. The arch ribs are 
capable of resisting transverse loads as long as they act essentially in compression 
and not in bending. One should state that without web reinforcement only short 
beams can develop a tied arch action. As the length of the shear span increases, 
bending moment develops in the rib which leads to collapse. Fig. 8.2 shows the 
mechanism of arch analogy approach. Three arches are indicated by I,II and IH in 
Fig. 8.2, Arch I supported by reactions (Fig. 8.2 b) and Arch II is a hanging arch 
without direct support from reactions (Fig. 8.2 c). Arch HI (Fig. 8.2 a) is like Arch 
II, but arch HI has first to transfer its hanging reaction to Arch II which then transfers 
these reactions together with its own to Arch I and eventually to the support of the 
beam. With further increase of loads and after flexural cracking develops, the cracks 
reduce the area for hanging support forces more and more so that less and less can be 
carried by Arch n. Kani again considers the load carrying capacity of an arch 
depends mainly on AT, the horizontal reaction. Fig. 8.2 f shows the force resultants 
acting on Arch m. If the small force (H 3) is neglected, two couples remain: AC3 
and ATs and couple V t and Vcz , which are equal and opposite to preserve 
equilibrium. That is :

AC3Z3 = V t x 3 8.3
where, V t = Shear force at the cross section.
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a) BEFORE CRACKING

d) AFTER CRACKING

F ig.8 .2- A rch  A n alogy A pproach .\J i\
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Overall, this approach is a qualitative one which provides some insight into the 
behaviour of beams without stirrups but remains impractical for design purposes.

8.2.3 Compression theory
Many researchers have accepted the concept that reinforced concrete beams with 
shear reinforcement could behave like trusses known as truss analogy. 
Collins's^40’41] compression field theory is also based on the truss analogy, but is 
more sophisticated and is applicable to beams with and without shear reinforcement. 
Basically, this approach is based upon the two following assumptions:

(i) . The concrete in a reinforced concrete member after cracking can carry no 
tension and the shear is carried by a field of diagonal compression.

(ii) . The reinforced concrete member with diagonal cracks can be treated as a 
macroscopic continuous body and average strains and stresses are calculated 
by the global compatibility and equilibrium conditions by using Mohr's 
Circle, as shown in Fig. 8.3.

From the Mohr's circle the magnitude of the average transverse compressive stress, 
a  required in the concrete is:

Or = vtan 0 8.4
while the magnitude of the average longitudinal compressive stress,o/ , is :

vo/ = ------ 8.5tan0
In addition, the magnitude of the average principal compressive stress, fd, in the 
concrete is:

f

u = tan0 +
V tan0 j 8.6

in which 0= the angle of inclination of the principal compressive stress:

tan2 0 El +  Ed 
Et +  Ed

8.7
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where, £/ is the average longitudinal compressive strain, & is the average 
transverse tensile strain and Ed is the average principal compressive strain.

Provided the stress-strain relationship and the failure criteria of the materials are 
known,i.e., using the compatibility and equilibrium conditions the full behavioural 
response of a member can be calculated. Since the strains in this approach are the 
average strains in the cracked member it is not appropriate simply to apply the failure 
criteria obtained from cylinder compression tests. Therefore, Collin's et al. defined 
new failure criteria by using semi-empirical approach.

Based on this theory the angle 0 can be calculated by satisfying the global 
compatibility and equilibrium conditions. In addition, the average strains and stresses 
can be determined. Finally, the failure is considered to occur when the average stress 
in the diagonal strut reaches a certain limiting value. Overall, the compression field 
theory is also capable of predicting not only the failure load but also the complete 
load-deformation response.

8.2.4 Shear compression theory
In this approach the moment equilibrium condition about a point in the shear 
compression zone above the end of the diagonal shear crack is considered. Further, 
most of the authors considered the shear failure employing this approach as a 
premature flexural compression failure because of the consideration that the presence 
of shear stresses reduces the compressive strength. Therefore the effect of shear 
stresses in the shear compression zone is considered.

One of the most comprehensive approaches using shear-compression theory to 
develop design methods is the one which was developed by Regant107*108!. He stated 
that actual failure is caused by the normal stresses in the compression zone of the
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beam. He calculated these stresses using both the equilibrium equations and the 
compatibility condition.

(a) Equilibrium condition for average stresses in concrete

M 
s’ i

1/2 shear 
strain

(b) Compatibility condition for average strains in concrete

F ig  8.3 .- Collins's C om pression F ield  Theory. [40]

legend: Ed =  average value o f principal compressive strain;
Ei =  average value o f longitudinal compressive strain;
£t =  average value o f transverse tensile strain; 
ym =  average value o f maximum shear strain; 
y it  =  average shear strain between longitudinal and transverse lines; 
v = average shear stress;
<5t = average value o f transverse compressive stress in concrete;
Ci = average value o f longitudinal compressive stress in concrete; 

f d  = average principal compressive stress in concrete
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Firstly, he calculated the neutral axis factor n at section A-A (see Fig. 8.4) by the 
simple compatibility condition as follows:

A st 1 — n
where, Acc = deformation of the top fibre along AB; A» = deformation of the 
main steel along A-B, and n = neutral axis factor at A-A.

Both Acc and Ast were determined by numerical integration. In determining n , the 
concrete strains above the diagonal crack were integrated along the finite length A-B, 
and the diagonal crack was assumed to be a straight line. Furthermore, the stress- 
strain curve of concrete in the compression zone was assumed to be a parabola, (see 
Fig. 8.4).

Having determined w, equilibrium equations were used to predict the ultimate 
capacity as follows:

and, Vu = Vu b d n 8.10
where, v« = critical average shear stress in the compression zone.

As numerical integration was employed in determining n for different situations, the 
final equation of the ultimate shear is quite complex to be practical. Therefore, 
Regan suggested a graphical approach or other simplified approach. Overall, the 
shear-compression theory always estimates failures by crushing of concrete. 
However, from the practical point of view large number of beams fail in a mode 
different from that assumed by this theory.

8.2.5 Rigid elasto-plastic model
This model developed by Mooret92! for beams shear analysis is a rigid elasto-plastic 
model consisting of three rigid bodies joined by a hinge as shown in Fig. 8.5. The
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rigid bodies are further connected by an elasto-plastic spring representing the 
compression zone, by elasto-plastic links representing the longitudinal and transverse 
steel reinforcement and by elastic threads representing the concrete in tension. This 
model has two degrees of freedom representing the rotations between each pair of 
adjacent rigid elements. The solution is obtained by using the minimum energy 
principle together with a yield or failure criterion for the connecting elements.

Although there are a number of the limitations to this model , such as , ignoring the 
variation in the position of the neutral axis, bond slip development and assuming the 
geometry of the crack, a number of studies have used it. In addition, this model 
explained why long span members do not have residual (reserve) strength resistance 
beyond the shear diagonal load as reported by Bresler and MacGregor^].
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B C A

Fig. 8.4 -Regan's Shear-Compression Theory.[107]

Fig. 8.5-Rigid Elasto-Plastic Model Approach. [92]
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8.2.6 Statistical analysis
Many researchers presented statistical studies of the factors affecting the shear failure 
capacity of reinforced concrete beams. The statistical studies of tests of reinforced 
concrete beams suggest that the most predominant variables affecting the shear at 
flexural-shear cracking are the tensile strength of concrete, /*, the main 
reinforcement ratio,p, and the moment to shear ratio or a/d ). It should be
pointed out that the best one proposed to date is Zsutty'st152] for reinforced concrete 
beams without web reinforcement. Zsutty used the techniques of dimensional 
analysis,i.e., Buckingham's theorem, and the unknown coefficient was determined by 
statistical regression analysis. He classified the beams into slender beams (a/d >2.5) 
and short beams ( a/d<2.5). The nominal ultimate shear strength , V n ,  for beams 
having a/d > 2.5 is given to be :

To date, the above equation has been considered to be among the best formulae for 
estimating the shear capacity of the reinforced concrete beams without web 
reinforcement.

8.2.7 Shear according to codes of practice
The provisions in most of codes of practice like BS, ACI and CEB-FIP for 
calculating the shear capacity of reinforced concrete beams are based on the 
assumption that the load which causes the diagonal shear capacity can be taken as the 
shear capacity of the beam.
These code design provisions, namely the BS 8110 and ACI 813 equations and the 
CEB-FIP model, have been selected for comparison with the test results. The code 
design equations include partial safety factors for materials and therefore they are 
inherently conservative. These equations are as follows:

8.11
For beams having a/d < 2.5 the equation 8.11 is modified by multiplying it by the 
factor
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(i). BS 8110:
For a/d > 2, vc 400

d J V 25y 8.12

where, ym = partial safety factor for materials =1.25.
For a/d <2 the shear stress is estimated by multiplying equation 8.12 by the 
factor 2 ^ / .

(ii). ACI-813:
For a/d > 2.5, vc = 0.16-JJc + 17.25 p (d/ )  8.13

For a/d < 2.5 the equation 8.13 is modified by multiplying it by the factor 
( 3 .5 - 2 .5 ^ ) .

(iii). CEB-FIP:
Vc = 0.15 (3% ) k [ i + 1p % ] ( i o o  p /c )^ 8.14

In this investigation both the measured diagonal cracking and the ultimate shear 
capacities ( i.e., the failure load )were studied.

8.3 Mechanism of Failure

In this section the initiation and development of cracks leading to the final shear 
crack formation and failure mechanism are discussed . It was felt worthwhile to 
define some terminology relating to types of cracks which normally occur in RC 
members failing in shear (see Fig. 8.6).

(i) Flexural cracks: these cracks can be categorised into three types.
(a) Vertical flexural cracks: these develop in the pure bending moment zone.
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(b) Inclined flexural cracks: these develop in the shear span zone. These 
cracks become inclined because the concrete section is subjected to shear 
force and bending moment.

(c) Critical flexural crack: this is the crack in the vicinity of the diagonal 
shear crack and horizontal crack.

(ii) . Diagonal shear crack: this is the major crack which leads to the beam
collapse.

(iii) . Horizontal crack: this is the crack which forms along the flexural
reinforcing bars.

8.3.1 Theoretical failure mechanism
Referring to the load case which was adopted in this part of study (see Fig. 8.7), 
theoretically the shear failure could occur either near the support where maximum 
shear force and negligible bending moment exist or at the loading point where the 
shear force and bending moment are maximum. However, the experiments which 
were carried out in this part of investigation concerning shear critical condition have 
shown that the critical section for shear failure was predominantly the section just 
adjacent to the load points as discussed in details in Chapter 7.

Immediately after the diagonal cracks develop, after the development of flexural 
crack, the first redistribution of stresses occurs in the compression zone of concrete. 
At this stage the shear stresses are partially transferred by the flexural reinforcement 
by dowel action, Vd,  and the rest is carried by the Vcz and Va as discussed earlier in 
the literature review of this investigation section 2.3.3.5.

It is conjectured that a second redistribution of the stresses occurs as the load 
approaches failure so that the transferred shear stresses get themselves redistributed. 
According to Neville et al. 199,100] that dowel shear stress,Vd, is negligible before the 
formation of diagonal crack, but it increases to a significant value just at the
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formation of diagonal crack but then drops down to a negligible value at the time of 
collapse. It was further stated by Neville et al. that the contribution due to dowel 
effect to shear strength is of least importance in the analysis of shear capacity of 
concrete beams.

Since the entire shear force then gets transferred to the compression zone of concrete, 
the shear stress in the compression zone is assumed to attain a plastic state. The 
influence of the normal stress present in the concrete is to reduce this effect. Thus 
the most critical location for shear failure is at the level of the neutral axis (N.A) 
where the influence of normal stresses on shear is minimum. The concrete element at 
the level of N.A is subjected to a state of simple shear,i.e., the shear stresses at this 
location will yield two equal and unlike principal stresses. The critical concrete 
element would then fail when these two principal stresses fulfil a failure criterion for 
concrete under compressive-tensile stresses. Also, the depth of the compression zone 
of concrete is reduced significantly even for very small increments in load with the 
development of the diagonal crack.

If the failure does not occur by the above mode then the beam transforms into the so 
called tied-arch mechanism as described by Kanif73! by which other diagonal cracks 
form parallel to the existing one with the increase in load (see Fig. 8.2). The portion 
of the concrete in between the diagonal cracks I, n, IQ and so on will loose its 
support, thus reducing the depth of compression zone by a small amount.

The process of this mechanism will continue along the beam,i.e., more diagonal 
cracks will form until the last diagonal crack finds an un-yielding base near the 
supports, in this case crack m. One should state here that the critical section at 
failure of the transformed arch-action is at the loading point where the depth of the 
arch is minimum. Accordingly, the critical point in the structure at failure is 
influenced by the following stresses:
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(i) . A horizontal normal compressive stress, due to the external bending
moment.

(ii) . A vertical normal stress, due to the external loads.
(iii) . A shear stress, due to the shear forces.

All the above stresses interact with each other and cause major principal stresses 
which are compressive. In addition, the failure of the arch mechanism will occur 
when these principal stresses fulfil the failure criterion of concrete under biaxial 
compressive stresses.

Based on the above observations, the objective of this part of investigation is to carry 
out a study regarding shear transfer via aggregate interlock and shear failure 
mechanisms of rectangular HSRC beams with an emphasis on tackling the following 
issues:

(i) . The mechanism by which the inclined diagonal shear cracks are initiated.
(ii) . The behaviour by which the diagonal shear crack is propagated.
(iii) . The contribution of aggregate interlock to shear strength.

The underlying difficulties in developing a theoretical expression for the shear 
strength of RC beams stem from the following :

(i) The non-linearity of concrete stress-strain relationship.
(ii) The non-homogeneity of the reinforced concrete members; and
(iii) The uncertainty of the quantitative values of internal forces system after 

the formation of the cracks.

Diagonal shear cracks in the web of a concrete member can develop prior to or after 
a flexural crack occurs as shown in Fig. 8.6. One type of diagonal crack is normally 
called a web-shear crack and the other type is identified as a flexural-shear crack; of 
which the latter one is the most common type. In the following section an attempt
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Critical f l e x u r a l. jD iagonal sh ear  
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jlex u ra l
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Vertical jlex u ra l 
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Inclined jlex u ra l crack
I_____

Flexural cracks

Fig. 8.6- Definition o f Cracks Terminology

Legend:

Qcs= Critica l distance : is the distance from  the support section to the critica l crack section.

Tcs = dowel tension, rebar tension, is the tension force in the reinforcing bar at the critica l flexura l 

crack.

Vd= dowel shear section , rebar shear, is the shear force carried by the steel portion at critica l flexura l 

crack section.

V
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will be made based on the information obtained from this investigation as well as 
from the available literature, to contribute to a better understanding of the 
fundamental nature of shear behaviour in the context of HSRC beams.

8.4 Physical Failure Mechanism of Beams in Shear

In this section a hypothesis of the mechanism of shear failure in beams without shear 
reinforcement is suggested based on the experimental findings and the information 
obtained from literature search of published work like Fenwickt53! and Matheyt86!, 
and utilising the fundamental principles of fracture mechanics Karihaloof75!, Ngot98! 
andWellst146].
Since the beam shear failure is mainly characterised by the occurrence of the 
diagonal shear crack, attention is focused on the general behaviour of the diagonal 
shear crack. The major cause of the diagonal shear cracking is the tensile stress 
concentrations at the critical zone after the formation of the flexural crack. Further, 
the propagation of these is mainly due to the diagonal tensile stress concentration at 
the crack tip.

8.4.1 Stress condition at the critical zone
After the formation of flexural cracks highly concentrated shear stresses develop in 
the zone next to the critical flexural crack along the main reinforcement. These 
localised shear stresses at the critical zone is the major cause of the diagonal shear 
crack initiation. The following discussions are focused on the stress state at the 
critical zone after formation of a critical flexural crack.

8.4.1.1 Free body diagram
Fig. 8.8-a shows a typical point loaded beam after flexural and shear cracks have 
developed. The free body diagram of the end section of the beam including the 
critical zone is shown in Fig. 8.8-b.
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(a)

Fig. 8.8- Free Body Diagram o f Beam End Part

/ , ,  = 0.5/v + V (0.5/v)2 +  { V h  +  V a ) 2  where; fpt= principal tensile stress, fv =vertical normal 
stress, V h  = bond induced shear stress and V a  = shear stress due aggregate interlocking.
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By applying the equilibrium condition, the following equations can be obtained:
C =  Tcs 8.15

M — Tcs Zcs 8.16

V =  Vcz + Va + Vd 8.17

where,
C = Normal compression force in concrete
Tcs = Critical section rebar tension;
Vcz = Shear carried by concrete;
Va = Aggregate interlock shear;
Vd -  Rebar shear force;
V = Support reaction

It should be stated that none of the above forces can be accurately calculated because 
of the non-homogeneity of the R.C members, i.e., composite action of two different 
materials (concrete & steel). Therefore, a free body can be modified to have only one 
material of concrete by cutting away the bottom part of the beam end section. Fig. 
8.8 d shows the modified free body diagram. The forces acting on this free body 
diagram are the same as those on the free body in Fig. 8.8 c except for some 
substitutions on the bottom surface. These substituted forces on the bottom surface 
Tcs, Vd and V are ignored in the new modified free body diagram. It is believed that 
the magnitude and distribution of Tcs, Vd along the bottom of the beam are quite 
complex. The remaining stresses as shown in the free body diagram (see Fig. 8.8 d) 
which act upon an element in the critical zone are as follows:

(i) . The bond induced shear stress, vn .
(ii) . The shear stress due to the aggregate interlock, V a .

(iii) . The Vertical tensile normal stress due to the dowel shear action, /v.
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When the principal tensile stress resulting from the above stresses reaches a certain 
limit of stress a diagonal shear crack should appear at some point in the critical zone 
signalling the start of a diagonal shear crack.
The following subsections describe the methods of evaluation of these stresses.

8.4.1.2 Bond induced shear stress
As stated earlier, the bond induced shear stresses,vn, are created by the horizontal 
shearing action due to Tcs-C forces, see Fig. 8.8 b. However, since the steel force,Tcs, 
is transferred to concrete through bond the distribution of Vh on the horizontal shear 
surface is quite complex and varies within the length and width of the beam as stated 
by Mainst81], Matheyt8̂ ] and Mirza^°l To evaluate the state of stress in the critical 
zone the following assumptions are made:

(i) . The intensity of the bond induced shear stress is uniform along the width of
the beam;

(ii) . The area of nominal average bond shear stress at the critical zone is
assumed to be a uniform stress field within the zone;

Using these assumptions the average bond induced shear stress,Vh,avg , along the 
horizontal critical shear surface can be obtained as follows:

TcsVh,avg =: ------  8.18b. Clcs

where,
Tcs= The critical section rebar tension 
b -  width of a beam 
cts = critical distance
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As described earlier in the literature review around 50% of the total shear force is 
transferred through the crack in a beam failing in shear. However, no comprehensive 
theory is available yet because of the complexity of the behaviour of aggregate 
interlock.
Earlier investigationst53&131l indicated that aggregate interlocking capacities are 
mainly dependent on: width of the crack, size of aggregate, concrete strength and a/d 
ratio. The most critical factor among these is the crack width which affect the 
interlocking stresses. It was also confirmed that the aggregate interlocking shear 
stress, Va is inversely proportional to the crack width. In addition, the previous 
experimental studies concerning the flexural crack width have demonstrated the 
following:

(i) .Crack widths are proportional to the stress in the main reinforcement.
(ii) .Crack widths are dependent on how well the tension reinforcements are

distributed over the concrete tension zone.

However, as far as the shear problem is concerned, V a  at the critical zone can not 
exceed the nominal shear stress calculated by ^ , where Vcr is the diagonal shear
cracking force. Therefore, it can be said that after the critical flexural crack develops 
Va is much smaller than the nominal value.

As it has already been described in chapter 6 the aggregate interlock contribution to 
shear, Va was removed from the beams of group IV by preforming a smooth diagonal 
shear crack in the short shear span of the beams. The aggregate interlock 
contribution,Va, was then determined by comparing the ultimate shear capacities, V«, 
of the beams in group IV with those of group m  which had no preformed crack. As a 
result, the shear contribution carried by aggregate interlock was determined as:

8.4.1.3 Shear stress due to aggregate interlock

Va = Van — Vuiv 
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Dowel shear force, Vd, acts on the reinforcement and results in high stresses under 
the bar. In this sub-section the vertical tensile stress, fv, at the critical zone before the 
development of the horizontal crack is calculated.
Many Investigator like Taylort133! and Gergelyt56! have showed that Vd varies with 
the length of the critical flexural crack, and even when this crack is completely 
developed, Vd does not exceed 25% of the total shear, Vu.

On the other hand, Baumann and Rusht21! investigated the problem of dowel action 
in a series of RC beams and they evaluated their results on the basis of what is called 
an elastic foundation model. They proposed the following empirical equation to 
determine the dowel shear force, Vd:

Vj =  I M b t o r f f c ,  (N) 8.20
where,

b -  width of beam, mm
0 =  diameter of main reinforcement, mm

8.5 Propagation Mechanism of Diagonal Shear Crack

In this section an attempt is made to highlight how a diagonal shear crack propagates 
and causes a failure of a beam. It has been known that the bond induced shear stress, 
due to the horizontal shearing action, v/i, has a key role not only in the initiation of the 
diagonal shear crack but also in triggering the horizontal crack 181,86] as the 
horizontal crack is just a downward extension of the diagonal shear crack.

8.5.1 Redistribution of shear stress
As the diagonal cracks develop and the horizontal cracking occurs at the level of the 
main reinforcement, the physical mechanism of beam shear failure is considered as a

8.4.1.4 Vertical tensile stress due to dowel action
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modification of the internal forces accompanied by the deformation for the altered 
geometry of the member. Additionally, as the horizontal crack occurs along the main 
reinforcement, the crack opening displacement (COD) at the mouth of the diagonal 
shear crack zone increases (see Fig. 8.9). This increase of the COD is proportional to 
the length of the horizontal cracks,i.e., a longer horizontal crack yields larger 
increase of the COD. The increase of the COD at the diagonal shear crack results in 
two major changes in shear compression zone above the diagonal shear crack tip 
which are:

(i) . Shear stress in the compression zone,Vc, increases. This is due to the
reduction of the aggregate interlock resistance, Va, as the crack width 
increases.

(ii) . The shape of diagonal stress distribution along the compression zone, at
the tip of the diagonal shear crack, tends to be non uniform and 
concentrated at the tip of shear crack (see Fig. 8.9). This may be because 
the elements at the crack tip experience quite high strains as the COD at 
the crack mouth widens*-

8.5.2 Concentration of shear stress at crack tip
From a comprehensive review of the work of previous investigators liket75’143] ^ 
was revealed that statement (i) in the foregoing section has been found to be correct 
whereas statement (ii) has been ignored. However, after the diagonal shear crack 
reaches above the neutral axis of a beam a diagonal tensile stress (fdt) is created in 
the compression zone due to Vc and C. With further increase in load fdt at the tip of 
the diagonal shear crack reaches a certain limit stress causing the concrete to reach

* COD in fracture mechanics is an alternative measurement o f  crack tip stress as stated by 
W e l ls ^ v ] This [s because the crack tip strain is a function o f  COD which is a  measurable value.
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the maximum permissible plastic strain. The diagonal shear crack would then 
propagate continually causing failure.

8.5.3 Variation of reserve shear capacity with aid ratio
It is believed that the shear span to depth ratio,a/d, is a crucial factor on the overall 
behaviour in RC beams after shear cracking develops. This statement can be 
conceptually checked by verifying the results of beams HSRW series (see Chapter 7). 
For a beam having a/d > 6 the failure was pure flexure. For the rest of the beams 
having 1.5 < a/d < 2.6 an approximately 30% reserve shear strength obtained.
On the other hand, beams having a/d = 1.5 the horizontal crack along main 
reinforcement could not develop well because the support confinement stress 
prevented it. This small horizontal crack resulted in very small increase in the tip 
stress of the diagonal shear crack but not enough for the crack to extend. Therefore, 
the diagonal shear crack was stable after reaching slightly above the neutral axis. As 
a consequence, failure occurred by crushing of the concrete above the diagonal shear 
crack and considerably higher reserve strength was obtained. The same shear failure 
mechanism also occurred for beams having intermediate shear span (a/d=2 to 2.6) 
but they were accompanied by horizontal cracking along the main reinforcement in 
most of the beams.

Overall, it appears that a/d ratio is a key factor governing the shear failure modes in 
high strength rectangular concrete beams. This observation fully agrees with the 
conventional knowledge which demonstrated similar phenomenon for normal 
strength reinforced concrete beams. Additionally, it could be stated that both 
ultimate and diagonal shear capacities of HRC beams having constant p and f cu are 
inversely proportional to the value of a/d ratio as exemplified in Fig. 8.10.
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Fig. 8.9- Tensile Stress Concentration on Diagonal Tip Crack. [146]
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Fig. 8.10- Variation o f Shear Capacity with a/d Ratio

207



8.6 Analysis of Shear Transfer Mechanism

As described earlier ,in Chapter 7, the aggregate interlock mechanism was eliminated 
from all beams in series IV by preforming smooth diagonal cracks in these beams. 
Consequently, the difference in strengths between beams with stirrups up to loading 
point and beams with preformed crack series should be the shear resistance due to 
the aggregate interlock, Va. The compression zone shear,V«, was determined 
analytically from the concrete strains which were measured along the beam 
compression zone. Meanwhile, the dowel resistance, Vd,  was then assumed to be 
equal to the difference between the total shear strength, V , and the compression zone 
shear, Vcz .

8.6.1 Shear Stress due to Concrete Compression Zone
The compression zone contribution to shear capacity,Vcz, was computed analytically 
from concrete strain readings measured at different levels of beam depth adopting 
Taylor's semi-empirical approacht131!. The procedure involves the evaluation of 
shear stress for which the following expression was used:

Vcz
|  8a 8M
o 8m  S x

dy 8.21

where,
Vcz = Shear stress due to compression zone at depth y from the compression 

face and at distance x from the support, 
a  = Longitudinal stress at distance x from the support.
M  = Moment at distance x from support.

The calculation of Va involves the following steps;
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(i). Plot 8 against M  for each gauge level and from this determine the slope 
of the plot at every gauge level.6M

(ii). Determine the total shear SM
Sx for the load stage under consideration.

This is a constant value at any load stage for all the gauge level.
(iii). Determine ----- —  by multiplying the product of expression (i) andoM ox

(ii) with the modulus of elasticity of concrete,^, which is taken to be 
constant.

(iv). Integrate expression (iii) from the compression face down to each gauge 
level to determine the shear stress at that gauge level. Fig. 8.11 represents 
a typical plot of strain versus applied moment.

8.6.2 Shear carried by dowel action
Having computed the compression zone shear,Fez, from the strain readings taken in 
the beam compression zone the dowel resistance, Vd, was assumed to be equal to the 
numerical difference between the total applied shear and the compression zone shear 
resistance, i.e, Vd =  Vu -  VcZ.

Fig. 8.11-Typical P lot o f  Strain Versus M oment
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8.7 Proposed formulae for predicting ultimate shear strength

So far the conceptual mechanism of shear failure has been discussed. In this section 
an attempt is made quantitatively to estimate the ultimate shear strength, v«, of HSC 
beams without web reinforcement.

As all the design code provisions were based upon the assumption that the useful 
shear capacity of a reinforced concrete member is exhausted once a diagonal 
cracking develops and because to the author's best knowledge no equations are 
available for predicting the ultimate shear strength of HSC beams without web 
reinforcement, the author has developed and proposed some empirical expression in 
order to predict the nominal ultimate shear strength of HSRC beams. These 
expressions are based on the results of a total of 134 test beams (current investigation 
& published literature work). These expressions are in line with those proposed by 
Zsuttyl152! but in the context of HSRC beams using a multiple regression analysis. It 
was further decided to consider the ultimate shear strength of a reinforced concrete 
beam,VH, rather than the diagonal shear strength, vcr.
Basically, the available data have been classified into two categories,viz., beams 
having a/d < 2.5 and beams having a/d >2.5. The general form of the ultimate shear 
equation for beams without web reinforcement considered is as follows:

v„ = P (/c * p * d/cO" 8.22

where, v« is the nominal ultimate shear strength and [3 is a constant related to the 
concrete. The expressions are:

(i) Beams having a/d < 2.5;
v« = 3.9 (fc * p * d /a)0 65 , MPa 8.23

(ii) Beams having a/d >2.5;
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Vn = 2.45 (fc * p  *  < j/d )°M , M P a 8.24

The above expressions are considered to be statistically valid for reinforced concrete 
beams having strength in the range 40</c<120 MPa having correlation coefficients 
of 0.83 and 0.91 for equations 8.23 and 8.24 respectively which indicate a positive 
correlation. The mean and standard deviation values were found to be 1.04 and 0.29 
respectively which are considered to be satisfactory.
Fig. 8.12 and 8.13 represent comparisons between measured and predicted shear 
stresses for the available test results.
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Fig. 8.12-Comparsion Between Measured and Predicted Shear Stress
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
STUDY

9.1 Conclusions

This investigation involved a fundamental study into the engineering properties and 
structural behaviour of HSRC beams on flexure and shear. Based on the results of 
this investigation and in view of the experimental evaluations and analytical 
considerations, previously presented the following conclusions can be drawn

9.1.1 High strength concrete materials
1. The local crushed Ardowney aggregate which was used in this investigation was 

reliable in order to produce HSC mixes. This aggregate is well graded and 
sufficiently strong to achieve the optimum required concrete strength.

2. Concrete with compressive strength in the order of 120 MPa can be developed by 
using silica fume with the addition of superplasticizer. A maximum W/(C+S.F) 
ratio of 0.256 is recommended. The optimum percentages of silica fume and 
superplasticizer are 10% and 1.27% respectively by weight of cement content to 
achieve this strength.

3. The expression reported by the AClf16!, Carrasquillo et and Ahmad et al\ 41
for estimating the splitting cylinder tensile strength of HSC are too conservative, 
since they underestimate the splitting tensile values of HSC. On the other hand, 
the expression reported by Raphael1 H] gave a better estimate of the splitting 
cylinder tensile strength values.

4. On the basis of the test results, a relationship between the splitting cylinder tensile 
and compressive strength has been developed using the multiple regression 
analysis technique. The equation is fiP = 0.564 ( / c ) 0 -55.

213



The proposed equation shows close agreement with the test results obtained and it 
could be used in predicting the splitting cylinder tensile strength of HSC mixes up 
to a concrete cube strength of 120 MPa.

5. On the basis of the current test results and those available through literature study, 
an expression has been developed using the regression analysis to predict the cube 
strength,/cu, of HSC mixes as follows:

fa, = 5 .26ey- +139er/- -  149w/c-20FA/TA
where,
feu = concrete compressive strength at 28 days.
s,c,sp,w  = The mass of silica fume, cement, superplasticizer, and water in 

kg/m3 of fresh concrete, respectively.
FA,TA = The mass of fine aggregates, and total aggregates in kg/m3 of 

fresh concrete, respectively.

The above equation is valid for concretes with strength between 63 to 120 MPa 
and w/c ratios in the range of 0.22 to 0.46 using 20 mm maximum size of crushed 
aggregate and with silica fume and superplasticizer contents in the range of 5 to 
11.5% and 0.67 to 2 % respectively by weight of cement.

6. The shape of the stress-strain curve is much steeper for higher strength concretes. 
In addition, the ascending part of the curve is quite linear up to about 75% of the 
maximum compressive strength while the descending part is almost non- 
existent.This is likely ,however, to be influenced by the loading system used. The 
strain corresponding to maximum (failure) stress is about 0.003. This value is 
more or less the same for the different strengths of concrete specimens used.

7. Based on the stress versus lateral and axial strain data from cylinder tests of HSC, 
Poisson's ratio was found to be range between 0.2 to 0.25 for all test results. The 
average value was found to be 0.21. There was no consistent variation with 
compressive strength.
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8. Based on the experimental results obtained the moduli of elasticity, Ec of HSC 
varied between 34 to 53 GPa, for compressive strengths in the range of 75 to 115 
MPa.

9.1.2 High strength concrete beams in flexure
1. For all beams tested, the measured maximum flexural strain at the extreme

compression fibre, Eu varied between 0.002 to 0.0031.
2. Effects of the major test parameters on the serviceability of HSRC reinforced 

beams in flexure can be summarised as follows:

(i) . The tensile reinforcement ratio parameter (p ) was found to be the
dominant factor in determining the shape of load-deflection curves. Beams 
with low p ratio underwent large deformations even at a constant load 
before the ultimate load capacity was obtained, whereas beams with high 
p ratio often exhibited a dramatic drop-off in the load-deflection curve 
immediately beyond crushing of the concrete compression zone. On the 
other hand, while in such beams crushing of the compression zone 
occurred at the same time as the tensile reinforcements yielded, they were 
generally able to resist increasing loads beyond that causing crushing of the 
compression zone.

(ii) . At any constant tensile reinforcement ratio,p , beams with higher strength
concrete exhibited less deflection than similar beams with lower strength 
concrete at the same load level. This was apparent at both elastic and 
elasto-plastic stages of the beam tests.

(iii). At a constant p value the slope of the moment-rotation curve exhibited a 
stiffer response for beams having higher concrete compressive strength, 
indicating the brittleness of higher strength concrete. On the other hand, 
beams with low p ratio exhibited elasto-plastic behaviour, whilst for
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beams with high p ratio the moment-rotation behaviour was nearly 
elastic even right up to the failure load.

(iv) For all beams tested, two equations were developed in order to estimate the 
effective second moment of area,/?, of the cracked cross-section for pre
yielding and post-yielding stages. The equations are as follows:

(a). Effective second moment of area for pre-yielding stage is:

L i =  2 9 7 0 3 0
.007

[ ]„ M c r /  ) 0-633 V s / M u '

(b). Effective second moment of area for post-yielding stage is:

Iei= 2 .5 1 x 1 0 15

U McZ m u )°

-  0.214

All Symbols definitions can be obtained by referring to section 5.3.

3. For all beams tested the width of the cracks at the tensile reinforcement level was 
found essentially to be dependent on p and feu. An expression is proposed to 
predict the crack widths at the level of the centroid of the tensile reinforcement 
which is:

Wavg — 2 .1 3 1 Ec

where,
Wavg = average crack width at the level of the centroid of the reinforcement
ts = side cover measured from the centre of the outer bar 
A = &e/ -  average effective concrete area around a reinforcing bar, {mm2)
(Ae as defined in section 5.5 and Fig. 5.10)
hi = d — /2, distance from neutral axis to the centroid of reinforcement bars 
£?= Average strain at the reinforcement level
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The proposed expression gave a satisfactory agreement with the existing test data. 
It also appeared to be significantly better than some of the existing published 
equations in the context of HSRC beams.

4. For a given amount of tensile reinforcement, the ductility index of HSRC beams 
increased with increasing compressive strength of concrete.

5. Based on the stress-strain data and the measured flexural strain along the beam's 
depth a stress block equation is proposed in order to estimate the ultimate moment 
capacity of HSRC beams in flexure. The expression could be used as a design 
method to estimate the flexure capacity of HSRC singly and doubly reinforced 
beam sections in reasonable agreement with the experimental data obtained. In 
addition, from the analysis the equation appears to be adequately rigorous and 
provides a basic and realistic approach to ultimate flexure design of HSRC beams. 
It thus provide a good general approach to the flexure design and a means of 
determining the internal forces in the context of the compatibility of strain and 
equilibrium conditions of concrete.

6. It is concluded that the existing BS 8110 design provisions marginally 
underestimate the ultimate flexural capacity of HSRC beams and thus provide a 
conservative estimate of the ultimate strength capacity of HSRC members in 
flexure.

7. Another three alternative idealisations are also suggested, i.e., a triangular and two 
parabolic stress blocks to estimate the moment capacity of reinforced HSC beams 
in flexure. These stress blocks are based on f cu and Ecu. Ec values respectively at 
the extreme compression fibre. All these approaches provided a very close 
agreement with the actual measured ultimate moment capacities of all beams 
tested.
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9.1.3 High strength concrete beams in shear
From the experimental data and the theoretical considerations of the shear stress of 
HSRC beams with and without web reinforcement, the following conclusions have 
been drawn:
1. The current codes of practice, namely the BS 81lOt27! and ACI 31st1! equations for

predicting the diagonal shear crack, V c r ,  are generally conservative, whereas the 
CEB-FIPt35! expression over-estimates the diagonal shear stress. It was also found 
that Zsutty's expression^52! estimates the ultimate shear stress,v«, in a close 
agreement to the experimental data obtained.

2. As expected the addition of web reinforcement increases the ultimate shear
capacity of beams.

3. The mode of failure was sudden and explosive particularly at low a/d ratio beams.
4. The diagonal shear crack was distinguishable from diagonal flexural crack since:

(i) the diagonal shear crack was not necessarily related to the critical flexural 
crack.

(ii) for beams having moderate a/d ratio,the diagonal shear crack extended at 
both ends simultaneously; at the upper end it extended along the diagonal 
line to the loading point, at the bottom end it extended along the main 
reinforcement.

5. The shear span to depth ratio a/d has a major influence on the shear failure mode
and the variation of the reserve shear capacities after diagonal shear cracking is 
developed. The ultimate shear capacity increased with decreasing a/d ratio and 
with the increase in the flexural reinforcement.

6. The ultimate shear capacity of beams increased with increase in the compressive
strength of the concrete but at a slower rate than the increase of concrete strength.

7. The significance of the aggregate interlock mechanism of shear transfer was
studied along with other mechanisms of shear transfer. Based on the consistent 
behaviour in the beam series with a preformed diagonal crack, it appeared that the 
procedure employed to preform the diagonal crack worked well in eliminating the
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contribution of aggregate interlocking while allowing the other shear transfer 
mechanisms to function normally. In that respect it can be concluded that:

(i) . The aggregate interlock shear mechanism played a very important role as a
shear carrying mechanism both for low and higher strength concrete 
beams. However, in HSC it had only a slight increase as a shear 
mechanism contributor.

(ii) . The shear resisted by the compression zone remained fairly constant with
increasing concrete strength, feu.

(iii) . In the absence of aggregate interlock mechanism at low and higher 
strength concretes dowel action was a predominant contributing 
mechanism, although this contribution was of a lesser significance to the 
ultimate shear strength of HSC beams.

(iv) . The contribution of various mechanisms could be numerically expressed 
for beams having nominal concrete strength in the range of 40 < /c«< 120 
MPa as follows:

aggregate interlock, Va in the range of 34-40% 
concrete compression, Vcz in the range of 13-17% 
dowel action, Va in the range of 53- 43%

The first number represents the percentage contribution of a mechanism at the 
lower limit of fa, and the second at the upper limit of feu .

8. The shear ductility index, \is, decreases with an increase in the concrete strength up
to fc,,= 85 MPa. For beams made with concrete having f cu> 85 MPa, the shear 
ductility index, jis increased significantly with an increase in fa,.

9. For beams with web reinforcement, the shear ductility index, p* increased as the
tensile reinforcement,p , increased. For beams without web reinforcement the 
most desirable flexural reinforcement ratio for high shear ductility index was 
found to be 2.92%.
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lO.Shear reinforcement increases the shear ductility index particularly for beams 
made with NSC.

1 l.It would appear that bond induced shear stress,vn, plays a key role in the initiation 
of the diagonal shear crack.

12.Regression equations were developed to improve prediction of ultimate shear 
stress of HSRC beams. The equations predict Vu with reasonable accuracy and 
they are better than the existing published equations, particularly with respect to 
HSRC beams. The equations are shown below:

(i) Beams having a/d < 2.5;
V» = 3.9 ( / c  p J/<i)0'65 ,MPa

(ii) Beams having a/d >2.5;
Vn = 2.45 ( / c  p d /® 044, MPa

9.2 Recommendations for Further Research

There is an increasing demand for the use of higher strength concrete as a material 
that can replace normal strength concrete. Other research in the School has shown 
that considerable strengths can be obtained without the use of silica fume thus 
reducing cost. In addition, extensive research efforts are required to bring all theories 
and specifications together, and it is suggested that the following topics related to the 
HSC members are worth further study.
l.As this study was limited to a montonically increased static loads, it is highly 

likely that the mechanisms of resistance and deformation behaviour would be 
different for those under montonically increased cyclic loads. Little or no 
information exists on the response of HSC members subjected to repeated load 
cycles.
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2. The behaviour and strength of partially and fully prestressed HSRC beams should
be investigated under both short and long-term loading. Such a study will provide 
valuable information on the use of HSRC long-span precast prestressed girders.

3. The flexural strength of HSRC beams with non-rectangular cross-sections should
be studied to determine if the amendments suggested to the current code of 
practice for rectangular sections are appropriate for these.

4. Experimental and/or theoretical investigations need to be carried out in order to
study the shear stress of HSRC deep beams.

5.1t is recommended to devote a study of shear mechanism failure of HSC beams 
under pure torsion and/or combined torsional and shear stresses in order to 
develop a design method of HSRC members under the combined action of 
bending, shear and torsion.

6. A comprehensive theory with regard to horizontal crack formation does not yet
exist. Further investigations are required with particular emphasis on the 
mechanism and stability of horizontal cracking.

7. For a comprehensive understanding of HSRC the ductility of HSRC columns and
other forms of structural members must be studied. This includes for instance the 
role of confinement ,i.e., hoop, spiral and steel fibres on the structural behaviour 
of HSC columns. In addition, a number of parameters could be examined in the 
light of current national code provisions for structural use of concrete. Such a 
study would provide a better understanding and amendment ,if any, in the standard 
code, so the material can be used to its best advantage.
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Appendix A

Load-flexural strain data along depth of beams

A - l



App. Table 1.1- Load- Strain Data for Beam ( HS1-1 ) f

Average Strain Gage Readings ( f ie )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis

steel depth
No. kN 0 mm 30 nun 60 mm 90 mm 120 mm 150 mm level {mm)

1 0.00 0 0 0 0 0 0 0 0
2 4.90 43 65 28 -4 -22 -24 -45 86
3 9.80 111 130 47 -12 -53 -109 -142 84
4 15.30 211 191 55 -61 -129 -227 -380 74
5 20.10 310 195 53 -179 -251 -395 -660 67
6 24.10 393 245 38 -263 -380 -571 -937 64
7 29.10 490 285 30 -273 -All -732 -1184 63
8 34.10 583 324 34 -300 -561 -858 -1415 63
9 39.00 663 377 44 -336 -640 -990 -1665 63
10 43.80 748 414 38 -387 -749 -1143 -1920 63
11 50.00 829 459 12 -486 -934 -1395 -2335 61
12 52.00 1380 221 -1985 -3055 -4680 -6410 -9905 33
13 53.00 1680 154 -2960 -6045 -8595 -12100 - 31
14 54.00 1860 -210 -3405 -6615 -9735 -12950 - 27
15 56.00 2095 -570 -4104 -7735 -11250 -13550 - 24
16 59.00 2350 -853 -4760 -8280 -12550 - - 23
t  Average cube strength = 107 MPa and p =1.03%

A -2



App. Table 1.2- Load- Strain Data for Beam ( HS1-2 ) f

Average Strain Gage Readings ( p e )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis
No. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm

steel
level

depth
{mm)

1 0.00 0 0 0 0 0 0 0 0
2 4.90 56.6 -83 20 97 49 -20 -65 12
3 9.20 198 -12 61 131 28 -83 -320 128
4 14.10 376 80.9 91 81 -89 -220 -580 104
5 19.40 516 160 93 6 -220 -420 -900 91
6 25.00 659 231 87 -26 -340 -620 -1240 83
7 29.80 773 283 80.9 -110 -510 -880 -1660 73
8 34.40 860 348 87 -200 -630 -1060 -1910 69
9 39.50 975 404 80.9 -250 -720 -1230 -2260 67
10 44.30 1096 465 72.8 -360 -820 -1380 -2540 65
11 46.50 1335 489 -150 -790 -1540 -2390 -4140 53
12 51.40 1857 392 -1270 -2860 -4690 -6580 -10440 37
13 52.60 2079 293 -1960 -4180 -6666 -9110 -13520 34
14 53.10 2437 -170 -3760 -7290 -10610 - - 28
15 53.50 2496 -170 -3810 -7360 -11210 - - 28
t  Average cube strength = 97 MPa and p =1.03%

A -3



App.Table 1.3- Load- Strain Data for Beam ( HSC1-3 ) f

A verage Strain G age R eadings QU£)
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
(mm)

1 0.00 0 0 0 0 0 0 0 0
2 5.80 74.8 66.7 48.5 297 -28 -57 -140 117
3 10.60 184 166 93 127 -97 -230 -430 107
4 14.90 293 263 121 16.2 -97 -320 -490 94
5 20.00 374 340 133 -10 -220 -540 -980 88
6 24.30 479 407 148 -40 -340 -700 -1250 84
7 29.10 585 443 150 -73 -390 -820 -1500 80
8 34.30 625 473 158 -130 -440 -910 -1690 76
9 39.80 785 562 178 -120 -640 -1060 -1960 78
10 45.00 872 657 198 -180 -710 -1170 -2280 76
11 49.00 945 740 216 -290 -740 -1240 -2460 73
12 52.00 1300 785 -120 -1320 -2390 -3570 -5990 56
13 55.00 1660 712 -1100 -2830 -4940 -6930 -11780 42
14 57.00 1984 562 -2000 -4490 -7680 -1064 - 37
15 * 2037 542 -2630 -4780 -8090 -11110 - 34
t  Average cube strength = 85 MPa and p =1.03%

A -4



App. Table 1.4- Load- Strain Data for Beam ( HSC2-1 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  ( j ie )
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0.00 0 0 0 0 0 0 0 0
2 5.30 48.5 -4 -140 89 36.4 -81 -140 28
3 6.10 93 28.3 -12 97.1 112 -93 -150 51
4 10.40 121 89 -4 40.5 162 -110 -270 51
5 15.20 154 142 -150 4.05 0 -190 -480 45
6 19.10 316 190 121 0 -32 -340 -700 90
7 25.00 518 255 89 -49 -190 -520 -970 52
8 30.00 530 320 186 -53 -310 -690 -1400 83
9 35.00 627 493 93 -180 -410 -840 -1640 70
10 40.00 696 453 -16 -230 -510 -940 -1800 59
11 44.10 793 502 190 -230 -580 -1100 -2070 73
12 50.10 833 558 178 -270 -680 -1240 -2390 72
13 55.10 1092 647 210 -320 -740 -1360 -2530 72
14 59.40 1120 688 303 -350 -840 -1480 -2850 74
15 65.00 1230 748 214 -440 -950 -1690 -3130 70
16 65.20 1634 111 -230 -1610 -2840 -4190 -7300 53
17 66.70 1982 773 -550 -2570 -4340 -6210 -10420 48
18 68.10 2071 760 -780 -3260 -5580 -7640 -12950 45
19 71.00 2160 712 -1720 -4250 -6100 -9660 - 38.8

t  Average cube strength =107 MPa and p =1.42%

A -5



App. Table 1.5 -Load- Strain Data fo r Beam ( HSC2-2 ) f

Average Strain Gage Readings ( p e )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N.

steel Axis
No. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm level depth

{mm)
1 0.0 0 0 0 0 0 0 0 0
2 6.10 41 36 18 -7.2x10-13 32 -53 -69 90
3 9.80 95 77 38 14 36 -81 -154 129
4 14.20 174 129 59 4 -8 -158 -129 100
5 18.60 263 190 75 -16 -57 -263 -538 85
6 23.80 360 251 91 -36 -113 -360 -752 81
7 29.40 465 311 115 -57 -150 -485 -975 80
8 34.40 558 368 127 -81 -214 -587 -1137 78
9 39.40 659 432 156 -101 -267 -688 -1347 78
10 44.60 732 473 111 -125 -320 -793 -1525 77
11 50.40 825. 538 184 -150 -409 -934 -1525 77
12 55.00 922 582 192 -166 -493 -1036 -1893 76
13 59.00 991 635 216 -194 -562 -1145 -2075 76
14 64.70 1075 707 237 -222 -647 -1125 -2318 75
15 66.00 1553 111 -229 -1270 -2310 -3564 -6205 53
16 70.00 1877 805 -726 -2391 -4102 -5983 -10326 46
17 71.00 1707 805 -1288 -3588 -5133 -8406 - 42
18 71.50 2148 829 -1353 -3709 -6116 -8648 - 41
19 72.50 2310 813 -1600 -4643 -6876 -9668 - 40.1

f Average cube strength =100 MPa and p =1.42%

A -6



App. Table 1.6 - Load- Strain Data fo r Beam ( HSC2-3 ) f

Average Strain Gage Readings ( f ie )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis

steel depth
No. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm level (mm)

1 0 0 0 0 0 0 0 0 0
2 5.18 101 53 24 -53 8 -53 -372 69
3 10.58 174 150 53 73 -93 -279 -643 103
4 15.00 239 210 73 -12 -198 -445 -773 86
5 20..00 328 263 89 -8 -283 -611 -858 88
6 25.46 449 344 93 -61 -364 -752 -1,076 78
7 30.30 445 376 125 -142 -400 -886 -1,290 74
8 35.10 631 453 186 -28 -437 -987 -1,452 86
9 40.10 696 530 218 -117 -560 -1,137 -1,533 80
10 45.38 781 599 279 -101 -611 -1,266 -1,796 82
11 50.10 955 688 320 -123 -684 -1,383 -1,905 82
12 55.40 1,040 793 360 -150 -769 -1,497 -2,051 81
13 60.22 1,428 890 429 -89 -805 -1,634 -2,233 85
14 64.00 1,618 1,023 291 -522 -1,529 -2,747 -4,114 71
15 64.80 2,229 1,234 28 -1,391 -2,310 -5,291 -7,863 61
16 66.00 2,658 1,808 0 -1,978 -4,243 -6,614 -10,606 42

f Average cube strength = 77 MPa and p =1.42%

A -7



App. Table 1.7 - Load- Strain Data for Beam ( HSC2-4 ) f

Average Strain Gage Readings ( p s )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis
No. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm

steel
level

depth
{mm)

1 0.0 0 0 0 0 0 0 0 02 5.43 65 49 32 49 -24 -20 -121 1103 10.31 121 93 20 89 -32 -40 -186 1124 15.42 202 150 28 85 -53 -109 -295 109
5 20.20 303 194 65 109 -133 -202 -522 104
6 25.02 388 243 40 -12 -267 -222 -716 83
7 30.38 469 299 8 8 -360 -603 -882 91
8 34.90 550 348 12 -73 -461 -773 -1,068 64
9 40.88 643 388 61 -133 -538 -882 -1,363 69
10 44.77 700 421 65 -138 -781 -845 -1,254 70
11 51.03 809 481 81 -158 -926 -1,125 -1,792 70
12 55.57 902 526 259 -158 -785 -1,323 -1,905 79
13 65.18 991 591 65 -202 -926 -1,396 -2,277 67
14 68.48 1,460 558 -558 -1,505 -2,714 -3,980 -6,565 45
15 73.65 1,739 A ll -1,416 -3,147 -5,400 -7,439 - 38

11,775
16 74.00 1,986 295 -2,132 -4,292 -6,990 -9,639 - 37.5

12,665
t  Average cube strength = 90 MPa and p =1.42%

A - 8



App. Table 1.8 - Load- Strain Data for Beam ( HSC3-1 ) f

Average Strain Gage Readings (fie )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis

steel depthNo. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm level (mm)1 0.0 0 0 0 0 0 0 0 02 6.04 -12 40 20 -24 20 -4 -89 743 10.00 85 77 32 16 12 -32 -170 1284 20.00 287 198 69 0 -77 -137 -550 905 25.00 299 247 77 -16 -129 -198 -718 856 30.00 409 316 101 -32 -129 -231 -898 837 35.00 489 354 129 -32 -73 -299 -1052 848 40.00 542 409 142 -49 -330 -360 -1234 829 45.00 615 453 158 -49 0 -417 -1509 8310 55.00 781 538 194 -73 -20 -554 -1843 8211 60.00 858 643 214 -69 -113 -619 -2006 8312 65.00 1003 676 287 -57 -153 -692 -2168 8513 70.00 1,088 724 275 -69 -202 -760 -2310 8414 75.00 1,153 785 303 -89 -231 -809 -2435 8315 80.00 1,226 829 291 -53 -251 -870 -2565 8516 . 85.00 1,311 890 328 -32 -283 -932 -2738 8717 90.00 1,408 963 348 12 -307 -983 -2872 9118 95.00 1,497 1,011 427 -36 -364 -1084 -3143 88
19 100.00 1,938 1,116 162 -930 -1865 -3240 -6525 64
20 97.00 2,285 1,193 -60 -1958 -3547 -4789 - 59

10299
21 100.00 2,811 1,076 -275 -2791 -4975 -7592 - 54

13272
22 103.00 2,819 1,347 -380 -3232 -5740 -8689 -6731 35

t  Average cube strength =107 MPa and p =1.94%

A -9



App. Table 1.9 - Load- Strain Data for Beam ( HSC3-2 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  ( j ie )
load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0 0 0 0 0 0 0 0 0
2 10.00 182 77 40 -186 -28 -57 -129 65
3 20.00 360 222 113 -178 -61 -251 -433 72
4 30.00 582 376 150 -206 -182 -485 -845 73
5 35.00 724 429 186 -222 -218 -570 -1,015 74
6 40.00 805 514 194 -239 -279 -633 -1,201 73
7 45.00 886 570 275 -255 -283 -720 -1,347 76
8 50.00 1,015 651 295 -251 -360 -793 -1,452 76
9 55.00 1,226 748 368 -227 -396 -862 -1,574 79
10 60.00 1,278 845 449 -231 -413 -894 -1,743 80
11 65.00 1,383 906 429 40 -441 -934 -1,946 93
12 70.00 1,497 963 502 -190 -502 -1,088 -2,023 82
13 75.00 1,582 1,031 534 -194 -538 -1,254 -2,188 82
14 80.00 1,683 1,088 595 -243 -587 -1,319 -2,350 81
15 85.00 1,764 1,149 627 -227 -627 -1,476 -2,423 82
16 90.00 1,849 1,230 651 -239 -643 -1,436 -2,645 82
17 95.00 2,018 1,315 680 -267 -760 -1,691 -2,985 82
18 94.00 2,500 1,476 344 -971 -1,893 -3,297 -5,562 68
19 96.00 2,900 1,594 267 -1,383 -2,625 -4,272 -7,277 65
20 100.00 3,131 1,699 154 -1,820 -3,438 -5,331 -8,972 35.5

t  Average cube strength = 85 MPa and p  =1.94%

A -1 0



App. Table 1.10 - Load- Strain Data for Beam ( HSC3-3 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  ( | i £ )
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth
{mm)

1 0.0 0 0 0 0 0 0 0 0
2 5.33 61 16 28 -73 -8 4 -77 68
3 10.46 129 40 57 28 -20 -57 -142 108
4 15.30 198 101 77 -69 -44 -93 -247 76
5 20.49 299 146 89 -57 -89 -182 -421 78
6 25.38 396 210 105 -117 -133 -267 -643 74
7 30.64 481 251 109 -146 -190 -348 -635 73
8 35.14 635 287 113 -40 -243 -433 -773 82
9 40.23 623 336 146 -105 -295 -518 -938 77
10 45.45 720 372 150 -142 -324 -591 -1,088 75
11 50.94 805 498 170 -158 -392 -692 -1,246 76
12 55.53 858 485 182 -287 437 -756 -1,375 72
13 60.13 991 554 227 -194 -461 -813 -1,505 76
14 65.60 1,064 603 255 -158 -510 -870 -1,646 79
15 69.15 1,145 671 271 -158 -554 -963 -1,772 79
16 75.03 1,226 720 287 -279 -615 -1,060 -1,905 75
17 80.00 1,327 769 316 -259 -639 -1,129 -2,055 76
18 90.37 1,497 890 352 -332 -740 -1,315 -2,289 75
19 95.12 1,610 971 595 -283 -785 -1,363 -2,455 80
20 98.00 1,978 1,044 129 -898 -1,832 -2,864 -4,769 64
21 100.00 2,306 1,064 -146 -1,622 -2,981 -4,429 -7,168 56
22 98.00 2,949 1,133 -372 -2,791 -4,288 -6,298 -10,135 43

t  Average cube strength = 78 MPa and p =1.94%

A - i  l



App. Table 1.11 -Load- Strain Data for Beam ( HSC4-1 ) f

Average Strain Gage Readings ( p e )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis
No. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm

steel
level

depth
{mm)

1 0.0 0 0 0 0 0 0 0 0
2 11.00 150 109 8 32 4 -61 -174 122
3 20.00 348 198 10 57 -8 -113 -348 116
4 30.00 587 429 107 125 -61 -178 -538 110
5 40.00 765 582 237 154 -32 -243 -708 115
6 50.00 934 700 342 210 16 -235 -849 122
7 60.00 1,133 882 508 255 -36 -405 -1,056 116
8 70.00 1,298 995 617 283 -65 -453 -1,238 114
9 80.00 1,557 1,125 730 316 -77 -510 -1,436 114
10 90.00 1,861 1,485 807 417 -89 -570 -1,634 115
11 100.00 2,018 1,541 989 473 -61 -623 -1,760 117
12 110.00 2,302 1,784 1,179 550 -69 -680 -2,018 117
13 120.00 2,609 1,970 1,211 611 -142 -773 -2,200 114
14 130.00 2,799 2,136 1,300 692 -57 -829 -2,463 118
15 140.00 3,062 2,520 1,745 829 -49 -894 -2,787 58.5

t  Average cube strength =101 MPa and p =4.04%

A - 12



App. Table 1.12 - Load- Strain Data for Beam ( HSC4-2 ) f

Average Strain Gage Readings ( p e )
Load Load 1&8 2&9 3&10 4&11 5&12 6&13 7&14 N. Axis
No. kN 0 mm 30 mm 60 mm 90 mm 120 mm 150 mm

steel
level

depth
{mm)

1 0.0 0 0 0 0 0 0 0 0
2 9.95 202 158 97 73 53 40 -85 160
3 19.67 493 316 263 158 53 -28 -344 140
4 29.48 773 518 587 239 53 -57 -578 134
5 39.74 1,060 692 566 320 69 -97 -805 132
6 48.76 1,359 906 732 417 101 -138 -1,064 133
7 58.49 1,654 1,137 898 498 89 -182 -874 130
8 68.50 1,966 1,404 1,076 603 93 -210 -1,497 129
9 79.76 2,298 1,626 1,238 688 138 -279 -1,549 130
10 90.16 2,617 1,869 1,416 781 150 -324 -1,978 129
11 100.21 2,981 2,156 1,622 894 174 -332 -2,200 130
12 110.91 3,369 2,463 1,808 1,023 218 -380 -2,439 131
13 120.24 3,794 2,791 2,047 1,145 231 -441 -2,702 130
14 129.56 4,352 3,159 2,306 1,311 295 A l l -2,961 131
15 135.76 4,781 3,442 2,504 1,416 307 -502 -3,272 62.2

f Average cube strength = 87 MPa and p =4.04%

A - 13



App. Table 1.13 - Load- Strain Data for Beam ( HSC4-3 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  ( j ie )
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0.0 0 0 0 0 0 0 0 0
2 10.42 138 109 44 40 0 -89 -129 120
3 19.92 263 214 81 57 -12 -105 -303 115
4 30.02 522 303 121 69 -28 -174 -413 111
5 38.80 582 417 231 89 -65 -218 -534 107
6 49.89 704 518 243 97 -89 -251 -696 106
7 60.53 728 631 303 109 -101 -279 -821 106
8 70.08 1,116 728 372 133 -121 -356 -938 106
9 80.35 1,290 845 433 150 -133 -457 -1,068 106
10 90.35 1,375 963 506 170 -154 -498 -1,218 106
11 100.40 1,561 1,064 534 202 -150 -142 -1,335 107
12 110.34 1,699 1,197 607 227 -170 -174 -1,464 107
13 120.48 1,865 1,339 667 259 -186 -643 -1,614 107
14 129.67 2,014 1,480 789 303 -194 -663 -1,739 108
15 140.08 2,209 1,634 874 336 -182 -688 -1,857 109
16 150.02 2,443 1,792 975 392 -202 -760 -1,723 110
17 160.00 2,589 1,978 1,100 425 -222 -870 -2,188 110
18 169.14 3,074 2,338 1,250 465 -328 -1,100 -2,710 65

f Average cube strength = 82 MPa and p =4.04%

A - 14



App. Table 1.14 - Load- Strain Data for Beam (DHSC1-1 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  ( p e )
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0.00 0 0 0 0 0 0 0 0
2 9.84 146 101 61 49 12 -49 -162 126
3 19.73 287 202 133 77 376 -129 -340 142
4 30.04 461 340 182 101 336 -222 -538 138
5 40.00 639 465 283 133 311 -259 -736 136
6 49.75 805 582 360 162 275 -376 -926 133
7 59.20 951 801 405 194 267 -453 -1104 131
8 69.80 1052 833 522 227 251 -530 -1311 130
9 79.64 1298 959 603 263 235 -587 -1489 129
10 89.99 1468 1096 684 299 218 -801 -1667 126
11 99.15 1582 1181 773 348 206 -724 -1877 127
12 109.61 1804 1331 837 320 190 -773 -2059 126
13 118.39 1966 1460 922 417 178 -870 -2253 125
14 129.61 2164 1610 1031 421 170 -898 -2480 125
15 139.35 2316 1731 1104 - 481 162 -959 -2674 124
16 148.52 2565 1897 1165 485 49 -1007 -3252 121
17 156.10 2864 2095 1258 433 -154 -1319 -4017 112
18 160.92 3074 2294 1270 227 -206 -1840 -4627 65

t  Average cube strength =107 MPa and p =4.4%

A - 15



Table 1.15 - Load- Strain Data for Beam (DHSC1-2 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  {f ie)
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0.00 0 0 0 0 0 0 0 02 9.45 129 81 57 36 8 -16 -117 130
3 19.09 291 231 142 69 4 -69 -372 122
4 28.40 481 364 231 97 -16 -125 -647 116
5 39.35 692 526 332 125 -28 -206 -942 114
6 48.39 866 655 409 154 -44 -380 -1137 113
7 58.30 1060 801 493 194 -69 -348 -1367 112
8 68.36 1258 942 570 214 -97 -421 -1764 111
9 78.04 1444 1088 684 255 -109 -481 -1796 111
10 88.66 1671 1258 797 291 -125 -550 -2035 111
11 98.06 1849 1404 870 111 -146 -627 -2253 110
12 108.33 2083 1574 979 312 -142 -756 -2508 112
13 119.12 2342 1780 1108 417 -182 -797 -2840 111
14 128.11 2573 1946 1197 413 -267 -959 -3293 108
15 136.11 2965 2200 1315 384 -437 -1254 -3952 104
16 141.92 3289 2403 1383 437 -627 -1602 -4725 102
17 143.64 3641 3216 1480 392 -1359 -2799 -7079 97

t  Average cube strength =100 MPa and p  =4.04%

A -1 6



App. Table 1.16 - Load- Strain Data for Beam (DHSC 1-3 ) t
A v e r a g e  S tra in  G a g e  R e a d in g s  ( p e )

Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0.00 0 0 0 0 0 0 0 0
2 9.84 133 85 57 20 0 -28 -138 120
3 19.73 239 180 113 28 -24 -109 -352 106
4 30.04 522 384 227 53 -101 -299 -789 100
5 40.00 797 566 324 49 -202 -489 -1650 96
6 49.75 918 680 390 61 -247 -603 -1489 96
7 59.20 1056 781 457 73 -275 -676 -1691 96
8 69.80 1189 874 510 89 -558 -765 -1893 94
9 79.64 1339 967 566 93 -344 -866 -2116 96
10 89.99 1476 1056 619 109 -368 -934 -2302 97
11 99.15 1606 1169 684 113 -396 -1015 -2488 97
12 109.61 1760 1278 744 142 -453 -1145 -2827 97
13 118.39 1917 1383 809 150 -461 -1185 -2912 97
14 129.61 2107 1509 866 121 -546 -1367 -3317 95
15 139.35 2476 1715 866 -89 -999 -2111 -3970 87
16 148.52 2896 2079 -239 -2196 -2710 -3539 -5586 57

t  Average cube strength =100 MPa and p  =4.4%

A - 17



App. Table 1.17 - Load- Strain Data fo r Beam (DHSC1-4 ) f

A v e r a g e  S tra in  G a g e  R e a d in g s  ( p £ )
Load
No.

Load
kN

1&8 
0 mm

2&9 
30 mm

3&10 
60 mm

4&11 
90 mm

5&12 
120 mm

6&13 
150 mm

7&14
steel
level

N. Axis 
depth 
{mm)

1 0.00 0 0 0 0 0 0 0 0
2 10.99 69 77 65 24 0 -24 -117 120
3 20.23 182 166 129 44 -24 -101 -344 109
4 30.27 320 275 178 44 -89 -243 -651 100
5 39.78 449 380 235 36 -146 -352 -858 96
6 50.49 599 498 303 53 -190 -364 -1088 97
7 60.17 744 615 332 57 -247 -158 -1707 96
8 70.04 906 696 409 69 -295 -659 -1497 96
9 80.19 1036 805 473 73 -340 -769 -1658 95
10 90.03 1193 926 538 89 -396 -878 -1954 96
11 100.03 1347 1019 611 109 -429 -983 -2047 96
12 110.00 1497 1133 667 117 -461 -1100 -2237 96
13 118.40 1638 1226 716 125 -510 -1222 -2427 96
14 129.94 1820 1359 785 138 -562 -1290 -2698 96
15 138.95 2095 1501 825 51 -111 -1626 -3454 92
16 145.62 2358 1675 862 -36 -1007 -1982 -4174 89
17 157.46 2743 1832 853 -255 -1460 -2662 -5517 62.5

t  Average cube strength =100 MPa and p =4.04%

A - 18



Appendix B

Characterstic of midspan load-deflection curves for beamns in flexure

B - l



App.Table 1.18- The Characteristic o f Load-Deflection Curve for HSC1-1 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 4.90 0.45 0.49 0.92
3 9.70 1.25 1.45 0.86
4 15.10 2.90 2.66 1.09
5 19.80 5.30 3.86 1.37
6 25.50 7.90 5.47 1.44
7 30.20 10.09 6.90 1.46
8 35.20 12.30 8.52 1.44
9 40.20 14.53 10.23 1.42
10 45.10 16.76 11.98 1.40
11 49.80 18.88 13.72 1.38
12 50.70 26.90 29.11 0.92
13 52.40 31.69 29.08 1.09

App. Table 1.19- The Characteristic o f  Load-Deflection Curve fo r  H SC1-2 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 00 0.0 0.00 0.00
2 5.00 0.31 0.61 0.51
3 9.80 0.92 1.49 0.62
4 14.70 2.18 2.60 0.84
5 19.60 4.19 3.87 1.08
6 24.90 6.03 5.37 1.12
7 29.80 7.74 6.88 1.13
8 35.20 9.64 8.65 1.12
9 40.00 11.38 10.31 1.10
10 44.90 13.00 12.08 1.08
11 46.40 15.35 12.64 1.21
12 52.80 21.58 27.15 0.79
13 53.50 23.63 27.14 0.87
14 54.70 25.03 27.13 0.92

B -2



App. Table 1.20- The Characteristic o f  Load-Deflection Curve fo r HSC1-3 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.0 0.00 0.00 0.00
2 6.10 0.84 1.02 0.82
3 11.10 1.92 1.86 1.03
4 15.30 3.56 2.89 1.23
5 20.50 5.32 4.31 1.23
6 25.10 7.10 5.70 1.25
7 30.00 9.02 7.28 1.24
8 35.10 10.77 9.03 1.19
9 40.40 12.67 10.95 1.16
10 45.80 14.44 13.02 1.11
11 50.20 16.01 14.76 1.08
12 52.40 19.51 27.33 0.71
13 55.20 24.04 27.30 0.88
14 56.90 30.36 27.28 1.11

App. Table 1.21- The Characteristic o f  Load-Deflection Curve fo r  H SC2-1 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 6.30 0.23 0.79 0.29
3 10.40 0.73 1.31 0.56
4 15.20 1.47 2.21 0.67
5 19.80 2.68 3.17 0.84
6 25.30 4.35 4.44 0.98
7 30.70 6.03 5.79 1.04
8 35.10 7.50 6.97 1.08
9 40.00 8.87 8.34 1.06
10 45.10 10.40 9.83 1.06
11 49.20 12.06 11.08 1.09
12 55.10 13.76 12.94 1.06
13 60.30 15.22 14.65 1.04
14 64.80 16.77 16.17 1.04
15 65.70 20.84 23.19 0.90
16 68.70 24.49 23.17 1.06
17 70.20 26.94 23.16 1.16

B -3



App Table 1.22- The Characteristic o f  Load-Deflection Curve o f  HSC2-2 Beam

Stage Load
m

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 6.10 0.27 0.48 0.56
3 10.00 0.67 1.29 0.52
4 15.10 1.41 2.27 0.62
5 19.50 2.60 3.23 0.81
6 24.70 4.00 4.46 0.90
7 30.20 5.61 5.88 0.95
8 35.30 7.11 7.29 0.98
9 40.20 8.54 8.72 0.98
10 45.10 9.92 10.21 0.97
11 50.60 11.65 11.96 0.97
12 55.30 12.93 13.51 0.96
13 59.80 14.22 15.04 0.95
14 65.20 15.89 16.94 0.94
15 65.70 24.77 26.09 0.95
16 70.40 28.54 26.05 1.10
17 71.00 35.55 26.04 1.37

B -4



App.Table 1.23- The Characteristic o f  Load-Deflection Curve o f HSC2-3 Beam

Stage Load
m

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.0 0.0 0.00 0.00
2 5.11 0.72 0.52 1.39
3 10.33 2.16 1.05 2.06
4 15.17 3.81 1.67 2.29
5 20.20 5.49 3.45 1.59
6 25.31 7.16 5.40 1.33
7 30.26 8.76 7.23 1.21
8 35.45 10.48 9.05 1.16
9 39.77 11.96 10.49 1.14
10 45.22 13.76 12.25 1.12
11 49.86 15.41 13.71 1.12
12 55.06 17.27 15.31 1.13
13 60.24 19.36 16.89 1.15
14 62.41 24.08 17.54 1.37
15 66.00 29.12 18.61 1.56
16 60.36 36.01 16.92 2.13

B -5



App.Table 1.24 - The Characteristic o f  Load-Deflection Curve ofHSC2-4 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 5.43 0.39 0.39 0.99
3 10.10 0.97 1.39 0.70
4 15.02 1.87 2.39 0.78
5 20.05 3.35 3.56 0.94
6 24.51 4.74 4.69 1.01
7 30.23 6.47 6.25 1.04
8 34.90 7.99 7.61 1.05
9 40.34 9.47 9.29 1.02
10 44.64 10.82 10.68 1.01
11 50.56 12.46 12.67 0.98
12 55.42 13.82 14.37 0.96
13 64.63 16.36 17.75 0.92
14 69.18 23.25 28.01 0.83
15 72.91 28.83 27.98 1.03
16 74.56 34.33 27.96 1.23

B -6



App.Table 1.25- The Characteristic o f  Load-Deflection Curve ofH SC 3-l Beam

Stage Load
m

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 5.89 0.54 0.32 1.69
3 10.30 1.10 0.91 1.20
4 20.00 3.13 2.27 1.38
5 25.05 4.50 3.10 1.45
6 30.36 5.74 4.03 1.42
7 35.53 6.83 5.01 1.36
8 40.37 7.97 5.97 1.34
9 44.95 9.03 6.92 1.31
10 55.26 11.27 9.19 1.23
11 60.12 12.39 10.31 1.20
12 65.79 13.57 11.67 1.16
13 70.10 14.54 12.74 1.14
14 75.29 15.61 14.05 1.11
15 80.29 16.76 15.35 1.09
16 85.44 17.89 16.72 1.07
17 90.76 19.11 18.16 1.05
18 95.42 20.16 19.46 1.04
19 96.39 23.37 23.88 0.98
20 97.95 25.15 23.87 1.05
21 100.72 28.89 23.85 1.21
22 101.75 30.61 23.85 1.28
23 104.73 40.28 23.83 1.69

B -7



App.Table 1.26- The Characteristic o f  Load-Deflection Curve o f HSC3-2 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.0 0.0 0.00 0.00
2 10.35 0.76 0.73 1.05
3 19.88 2.08 2.64 0.79
4 30.57 4.24 4.77 0.89
5 34.90 5.21 5.72 0.91
6 40.02 6.38 6.90 0.92
7 45.11 7.64 8.13 0.94
8 49.78 8.77 9.31 0.94
9 55.59 10.14 10.84 0.94
10 60.01 11.24 12.04 0.93
11 65.33 12.57 13.53 0.93
12 70.06 13.85 14.90 0.93
13 75.20 15.14 16.42 0.92
14 80.00 16.42 17.87 0.92
15 84.77 17.53 19.35 0.91
16 89.80 18.79 20.95 0.90
17 94.70 20.20 22.54 0.90
18 94.64 22.88 31.25 0.73
19 99.22 27.24 31.22 0.87
20 101.16 29.65 31.21 0.95

B -8



App.Table 1.27- The Characteristic o f  Load-Deflection Curve o f  HSC3-3 Beam

Stage Load
m

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 5.28 0.14 0.42 0.34
3 10.25 0.67 1.14 0.59
4 15.09 1.37 1.94 0.71
5 20.28 2.29 2.91 0.79
6 24.99 3.22 3.87 0.83
7 30.15 4.36 5.01 0.87
8 34.99 5.36 6.15 0.87
9 40.23 6.48 7.45 0.87
10 45.28 7.55 8.77 0.86
11 50.71 8.72 10.25 0.85
12 55.21 9.69 11.51 0.84
13 60.01 10.93 12.91 0.85
14 65.46 12.03 14.55 0.83
15 70.32 13.18 16.06 0.82
16 74.92 14.29 17.52 0.82
17 80.18 15.54 19.23 0.81
18 90.05 17.9 22.55 0.79
19 95.12 19.32 24.31 0.79
20 99.62 20.54 25.91 0.79
21 99.24 22.5 35.45 0.63
22 98.52 22.52 35.45 0.64
23 97.23 29.72 35.46 0.84
24 94.81 32.54 35.48 0.92

B -9



App.Table 1.28- The Characteristic o f  Load-Deflection Curve ofH SC4-l Beam

Stage Load
m

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 11.94 1.25 0.76 1.65
3 20.26 2.39 1.79 1.34
4 30.62 4.01 3.15 1.27
5 40.59 5.71 4.64 1.23
6 50.63 7.47 6.29 1.19
7 60.3 9.20 7.99 1.15
8 69.75 10.92 9.76 1.12
9 79.87 12.67 11.76 1.08
10 90.22 14.61 13.90 1.05
11 100.32 16.50 16.08 1.03
12 110.61 18.54 18.39 1.01
13 120.46 20.47 20.68 0.99
14 129.88 22.60 22.93 0.99
15 140.04 24.91 25.43 0.98
16 139.70 29.85 36.18 0.83
17 135.12 32.50 36.21 0.90
18 113.29 35.33 36.36 0.97

B -1 0



App.Table 1.29- The Characteristic o f  Load-Deflection Curve o f  HSC4-2 Beam

Stage Loadm Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 9.95 1.09 0.66 1.64
3 19.76 2.86 1.84 1.56
4 29.67 4.71 3.21 1.47
5 39.98 6.77 4.84 1.40
6 50.24 8.88 6.62 1.34
7 59.86 10.91 8.42 1.30
8 70.04 13.04 10.45 1.25
9 79.61 15.24 12.46 1.22
10 89.90 17.32 14.72 1.18
11 99.90 19.41 17.02 1.14
12 109.89 21.59 19.40 1.11
13 119.89 23.88 21.87 1.09
14 128.80 26.09 24.13 1.08
15 134.76 27.90 25.68 1.09
16 140.23 29.60 27.12 1.09
17 142.49 31.48 27.72 1.14
18 140.46 32.96 35.69 0.92
19 139.89 32.98 35.69 0.92

B - l  1



App. Table 1.30- The Characteristic o f Load-Deflection Curve o f HSC4-3 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.002 10.42 0.83 0.72 1.16
3 19.92 1.96 1.82 1.074 30.02 3.36 3.21 1.05
5 39.66 4.76 4.70 1.01
6 49.89 6.35 6.44 0.997 60.37 7.99 8.37 0.95
8 69.68 9.35 10.19 0.92
9 80.01 10.97 12.33 0.89
10 89.92 12.51 14.47 0.86
11 99.90 14.15 16.72 0.85
12 109.98 15.81 19.09 0.83
13 120.24 17.64 21.57 0.82
14 129.67 19.52 23.93 0.82
15 139.49 21.43 26.46 0.81
16 149.57 23.59 32.19 0.73
17 159.25 26.10 32.14 0.81
18 169.14 29.27 32.09 0.91
19 137.57 31.33 32.25 0.97

B -1 2



App.Table 1.31- The Characteristic o f  Load-Deflection Curve o f  DHSC1-1 Beam

Stage Load
m

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 9.92 0.99 0.64 1.55
3 19.99 2.24 1.75 1.28
4 29.90 3.70 3.04 1.22
5 39.78 5.22 4.50 1.16
6 50.12 6.68 6.18 1.08
7 59.72 8.15 7.87 1.04
8 69.80 9.79 9.75 1.00
9 80.07 11.32 11.77 0.96
10 89.76 12.85 13.77 0.93
11 99.89 14.38 15.95 0.90
12 109.84 16.00 18.17 0.88
13 119.98 17.65 20.52 0.86
14 129.46 19.18 22.78 0.84
15 130.68 19.53 23.07 0.85
16 140.18 21.03 25.41 0.83
17 149.66 22.97 27.80 0.83
18 154.42 24.19 29.02 0.83
19 159.57 25.47 30.36 0.84
20 162.28 27.19 31.07 0.88
21 164.71 28.94 31.71 0.91
22 166.51 31.06 32.19 0.96
23 150.81 31.44 38.15 0.82
24 144.04 35.93 38.19 0.94
25 135.90 37.10 38.24 0.97

B -1 3



App.Table 1.32- The Characteristic o f Load-Deflection Curve o f  DHSC1-2 Beam

Stage Load
( W

Test Results 
(mm)

Analysis
(trim)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 10.02 0.99 0.69 1.43
3 19.83 2.28 1.83 1.25
4 29.86 3.93 3.26 1.20
5 39.75 5.75 4.90 1.17
6 50.18 7.63 6.82 1.12
7 60.00 9.40 8.79 1.07
8 70.04 11.28 10.95 1.03
9 80.01 12.98 13.23 0.98
10 90.13 14.92 15.67 0.95
11 99.97 16.63 18.16 0.92
12 109.88 18.51 20.76 0.89
13 114.99 19.48 22.15 0.88
14 120.28 20.73 23.61 0.88
15 125.07 21.47 24.96 0.86
16 130.25 22.74 26.44 0.86
17 134.82 23.75 27.76 0.86
18 140.10 25.17 29.32 0.86
19 145.13 27.16 30.83 0.88
20 147.61 29.21 31.58 0.93
21 148.66 30.47 31.90 0.96
22 149.53 32.80 32.16 1.02
23 147.15 33.83 31.44 1.08
24 138.09 35.19 28.72 1.23
25 133.08 36.33 27.26 1.33

B -1 4



App.Table 1.33- The Characteristic o f  Load-Deflection Curve o f  DHSC1-3 Beam

Stage Load
(kN)

Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 10.05 0.94 0.65 1.46
3 20.45 2.14 1.80 1.19
4 30.23 3.49 3.09 1.13
5 40.20 4.89 4.56 1.07
6 50.52 6.37 6.25 1.02
7 60.29 7.75 7.97 0.97
8 75.91 10.09 10.93 0.92
9 85.57 11.55 12.89 0.90
10 95.40 13.06 14.97 0.87
11 110.31 15.26 18.27 0.84
12 119.96 16.83 20.50 0.82
13 130.43 18.49 23.00 0.80
14 140.51 20.35 25.48 0.80
15 145.29 21.46 26.68 0.80
16 150.24 22.52 27.93 0.81
17 155.37 23.98 29.25 0.82
18 157.12 24.46 29.71 0.82
19 166.03 28.41 32.05 0.89
20 168.72 30.07 32.76 0.92
21 169.31 31.47 32.92 0.96

B -1 5



App.Table 1.34- The Characteristic o f Load-Deflection Curve o f DHSC1-4 Beam

Stage Loadm Test Results 
(mm)

Analysis
(mm)

Actual
Theory

1 0.00 0.00 0.00 0.00
2 10.84 0.79 0.69 1.15
3 19.99 2.11 2.15 0.98
4 27.00 3.24 3.25 1.00
5 29.79 4.22 3.71 1.14
6 39.94 5.63 5.54 1.02
7 50.80 7.43 7.70 0.96
8 60.25 9.12 9.73 0.94
9 70.11 10.78 11.97 0.90
10 80.63 12.61 14.49 0.87
11 90.84 14.35 17.06 0.84
12 100.34 16.04 19.54 0.82
13 110.00 17.70 22.16 0.80
14 119.46 19.44 24.81 0.78
15 125.05 20.48 26.41 0.78
16 129.99 21.33 27.84 0.77
17 139.41 23.89 30.64 0.78
18 144.67 25.46 32.23 0.79
19 159.14 31.20 36.72 0.85
20 160.92 32.27 37.28 0.87
21 166.23 35.17 38.98 0.90
22 169.01 37.08 39.87 0.93

B -1 6



Appendix C

Characteristic of midspan moment-rotation curves

C-l



Moment-rotation at midspan o f H S C 1-1 beam
load,

kN
Moment,

kN.m
Rotation, 

(10'$ Radians)
0.00 0.00 0
4.90 3.23 10
9.80 6.47 26
15.30 10.10 57
20.10 13.27 92
24.10 15.91 123
29.10 19.21 155
34.10 22.51 185
39.00 25.74 209
43.80 28.91 239
50.00 33.00 273
52.00 34.32 836
53.00 34.98 1,067
54.00 35.64 1,380
56.00 36.96 1,777
59.00 38.94 2,135

M om ent-rotation a t midspan o f  H SC  1-2 beam

load,
kN

Moment,
kN.m

Rotation, 
(10'^ Radians)

0.00 0.00 0
4.90 6.07 31
9.20 9.24 72
14.00 12.41 114
18.80 16.50 159
25.00 19.67 213
29.80 22.70 249
34.40 25.94 290
39.30 29.11 337
44.10 30.56 503
46.30 33.66 1,001
51.00 34.58 1,226
52.40 35.05 1,737
53.10 35.31 1,780

C-2



Moment-rotation at midspan ofH SC  1-3 beam
load,
kN

Moment,
kN.m

Rotation,
(10~5 Radians)

0.00 0.00 0
5.80 3.83 13
10.60 7.00 34
14.90 9.83 62
20.00 13.20 85
24.30 16.04 115
29.10 19.21 146
34.30 22.64 164
39.80 26.27 202
45.00 29.70 230
49.00 32.34 260
52.00 34.32 465
55.00 36.30 795
57.00 37.62 1,085

M om ent-rotation at m idspan o fH S C 2 - l  beam

load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
5.30 3.50 35
6.10 4.03 36
10.40 6.86 48
15.20 10.03 69
19.10 12.61 70
25.00 19.80 127
30.00 23.10 179
35.00 26.40 236
40.00 29.11 216
44.10 33.07 231
50.10 36.37 303
55.10 39.20 303
59.40 42.90 352
65.00 43.03 614
65.20 44.02 834
66.70 44.95 924
68.10 46.86 1,113

C -3



Moment-rotation at midspan ofH SC 2-2 beam
load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
6.10 4.03 9
9.80 6.47 15
14.20 9.37 35
18.60 12.28 62
23.80 15.71 88
29.40 19.40 116
34.40 22.70 142
39.40 26.00 169
44.60 29.44 189
50.40 33.26 216
55.00 36.30 242
59.00 38.94 261
64.70 42.70 285
66.00 43.56 584
70.00 46.20 820
71.00 46.86 822
71.50 47.19 1,038
72.50 47.85 1,152

M om ent-rotation at midspan o fH S C  2-3 beam

load,
kN

Moment,
kN.m

Rotation,
(10~5 Radians)

0.00 0.00 0
5.11 6.88 29
10.33 13.15 34
15.17 19.81 56
20.20 26.18 75
25.31 32.93 115
30.26 39.84 120
35.45 45.99 147
39.77 52.81 175
45.22 59.35 190
49.86 65.93 234
55.06 72.59 256
60.24 79.36 337
62.41 85.58 457
66.00 92.06 886

C-4



Moment-rotation at midspan ofH SC  2-4 beam
load,
kN

Moment,
kN.m

Rotation, 
(10'5 Radians)

0.00 0.00 0
5.43 3.58 12
10.31 6.80 22
15.42 10.18 37
20.20 13.33 59
25.02 16.51 93
30.38 20.05 104
34.90 23.03 171
40.88 26.98 185
44.77 29.55 201
51.03 33.68 231
55.57 36.68 229
65.18 43.02 295
68.48 45.20 649
73.65 48.61 926
74.00 48.84 1,180

C-5



Moment-rotation at midspan o fH S C 3-l beam
load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
6.04 3.99 0
10.00 6.60 13
20.00 13.20 64
25.00 16.50 71
30.00 19.80 99
35.00 23.10 117
40.00 26.40 132
45.00 29.70 148
55.00 36.30 191
60.00 39.60 207
65.00 42.90 236
70.00 46.20 259
75.00 49.50 277
80.00 52.80 287
85.00 56.10 300
90.00 59.40 309
95.00 62.70 342
100.00 66.00 601
97.00 64.02 781
100.00 66.00 1,043
103.00 67.98 1,056
102.00 67.32 1,192
102.00 67.32 1,392

C -6



Moment-rotation at midspan o f  HSC 3-2 beam
load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
10.00 6.60 56
20.00 13.20 100
30.00 19.80 160
35.00 23.10 197
40.00 26.40 219
45.00 29.70 234
50.00 33.00 266
55.00 36.30 312
60.00 39.60 320
65.00 42.90 299
70.00 46.20 366
75.00 49.50 386
80.00 52.80 414
85.00 56.10 430
90.00 59.40 451
95.00 62.70 495
94.00 62.04 737
96.00 63.36 894
100.00 66.00 1,005
102.00 67.32 1,171
94.00 62.04 1,419

C - l



Moment-rotation at midspan o f HSC 3-3 beam
load, 
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
5.28 3.48 18
10.25 6.77 24
15.09 9.96 52
20.28 13.38 76
24.99 16.49 107
30.15 19.90 132
34.99 23.09 155
40.23 26.55 161
45.28 29.88 191
50.71 33.47 213
55.21 36.44 239
60.01 39.61 260
65.46 43.20 271
70.32 46.41 290
74.92 49.45 326
80.18 52.92 347
90.05 59.43 397
95.12 62.78 401
99.62 65.75 620
99.24 65.50 818
98.52 65.02 1,122

C-8



Moment-rotation at midspan o f  HSC 4-1 beam
load,

IcN
Moment,

KN.m
Rotation, 

(10~5 Radians)
0.00 0.00 0

12 7.88 25
20 13.37 60
31 20.21 106
41 26.79 133
51 33.42 153
60 39.80 195
70 46.04 227
80 52.71 273
90 59.55 324
100 66.21 346
111 73.00 395
120 79.50 456
130 85.72 476
140 92.43 517

M om ent-rotation at m idspan o f  H SC  4-2 beam

load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
9.95 6.57 25
19.76 13.04 71
29.67 19.58 115
39.98 26.39 160
50.24 33.16 205
59.86 39.51 255
70.04 46.23 304
79.61 52.54 354
89.90 59.33 404
99.90 65.93 458
109.89 72.53 515
119.89 79.13 582
128.80 85.01 662
134.76 88.94 728

C-9



Moment-rotation at midspan ofH SC  4-3 beam
load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
10.42 6.88 23
19.92 13.15 46
30.02 19.81 94
39.66 26.18 109
49.89 32.93 133
60.37 39.84 138
69.68 45.99 211
80.01 52.81 244
89.92 59.35 260
99.90 65.93 291
109.98 72.59 317
120.24 79.36 347
129.67 85.58 372
139.49 92.06 404
149.57 98.72 445
159.25 105.11 472
169.14 111.63 571

M om ent-rotation a t m idspan o f  DH SC1-1 beam

load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
9.84 6.49 23.11
19.73 13.02 40.36
30.04 19.83 66.81
40.00 26.40 93.72
49.75 32.84 121.35
59.20 39.07 144.99
69.80 46.07 162.25
79.64 52.56 201.98
89.99 59.39 232.28
99.15 65.44 249.75
109.61 72.34 286.53
118.39 78.14 314.30
129.61 85.54 346.88
139.35 91.97 372.51
148.52 98.02 422.56
156.10 103.03 510.77
160.92 106.21 581.68
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Moment-rotation at midspan o f DHSC1-2 beam
load,
kN

Moment,
kN.m

Rotation,
(10~5 Radians)

0.00 0.00 0
10.02 6.61 19.91
19.83 13.09 47.88
29.86 19.71 83.20
39.75 26.24 120.85
50.18 33.12 152.85
60.00 39.60 188.99
70.04 46.23 227.38
80.01 52.81 260.19
90.13 59.49 301.09
99.97 65.98 337.59
109.88 72.52 372.89
114.99 75.89 422.45
120.28 79.38 475.47
130.25 85.97 569.97
140.10 92.47 642.81
149.53 98.69 752.79

M om ent-rotation at midspan o f  DH SC1-3 beam

load,
kN

Moment,
kN.m

Rotation,
(10~5 Radians)

0.00 0.00 0.00
10.05 6.63 21.19
20.45 13.50 33.54
30.23 19.95 75.60
40.20 26.53 116.86
60.29 39.79 138.42
75.91 50.10 161.03
85.57 56.48 183.47
95.40 62.96 208.27
110.31 72.80 233.56
119.96 79.17 253.59
130.43 86.08 279.47
140.51 92.74 306.54
150.24 99.16 337.81
157.12 103.70 398.21
169.31 111.74 477.22
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Moment-rotation at midspan o f DHSC1-4 beam
load,
kN

Moment,
kN.m

Rotation, 
(10~5 Radians)

0.00 0.00 0
10.84 7.15 11.46
19.99 13.19 33.27
29.79 19.66 63.91
39.94 26.36 93.54
50.80 33.53 124.07
60.25 39.77 155.71
70.11 46.27 189.42
80.63 53.22 217.33
90.84 59.95 249.90
100.34 66.22 280.36
110.00 72.60 311.53
119.46 78.84 341.57
129.99 85.79 379.63
139.41 92.01 456.33
150.00 99.00 531.23
160.00 105.60 660.03
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Appendix D

1. Sample calculations of ultimate moment capacity of beam HSC1-1
2. Cracking patterns of some HSRC beams
3. Average load -strain curves reinforcements of beams
4. Calculated versus measured shear stress of HSRC beams
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1. Sample Calculation for The Ultimate Moment Capacity Of Beam HSC 1-1

The neutral axis of the beam at ultimate was ( c = 23.6 mm ), and the flexural ultimate 
strain at the extreme compression fibre was (e« = 0.0024).

The equation of the stress block at ultimate load which developed using regression 
analysis can be written as :

a c  =  32144  ( %  m ax )  ( e f

The strain along the beam depth in the compression zone can be written as;

&/
e = — yn

where, £« = flexural ultimate strain 
y= distance from neutral axis to the given fibre, mm. 
n = neutral axis depth at ultimate load, mm. 

fc max= maximum cube strength, MPa.

Therefore, the above equation can be written as:

<j c  =  A
0.96

where, A is constant.
The area under the curve is obtained by integrating between the neutral axis (n) and the 
top of the beam. This can be written as follows:

Where;
C= Compression force / mm width of beam.
A fc
A= 32144

= 1 for HSC beam.

On integation
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C =  32144 y
1.96

C= 1182.38
The location of the centroid of C is then obtained by taking its moment about the 
neutral axis as given below:

Then the distance from the extreme compression fibre to the resultant force (A,) is given 
by

X = (23.6-15.63) = 7.97 mm
giving the ultimate nominal moment capacity of the beam, Mn:

Mn = C b ( d - X )
where, b and d  are the width of the beam and the distance from the extreme 
compression fibre to the centroid of the tension reinforcement respectively.

n
^=Yc\ fac-y) dy0

1182.38  ̂ 23.6
32144 ( 0.0024

£ = 15.63 mm

Mn= 1182.38* 150 (220-7.97) *10'6
Mn = 37.6kN .m

The actual moment capacity of the beam ( Mu =38.94 kN.m)

Therefore; Mn 37.60
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2 .-  Cracking Patterns o f HSRC Beams in Flexure
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2 .-  Continued: Cracking Patterns o f HSRC Beams in Flexure
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2 .-  Continued: Cracking Patterns o f HSRC Beams in Flexure
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2.- Continued: Cracking Patterns o f HSRC Beams in Flexure
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Lo
ad

, k
N 

Lo
ad

, k
N

Load -Avg. Strain o f  tensile reinforcement o f  group one

H SC l-3
HSC1-2
H S C l-l

L oad -A v g . strain o f  rein forcem ent o f  group tw o beam s

•  --------H S C 2 -4
•  - H S C 2 -3
- * ---------H SC 2-2

--------------HSC2-1
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Load - Avg.Strain o f  tensile reinforcement ofgroup three beams

« ---------H SC 3-3
* ----- HSC 3-2

— —  H SC 3-1

Iuad - AvgStran cunv (ftem ile reufijrceniert ( f f o u r  betam

HSC 4-3 
HSC 4-2 
HSC 4-1

SrUin, n iiro  strain
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Companion o f Test value with Calculated values; Proposed Equations 8.22, 8.23 and Zsutty’s Equation(Eqn. 8.11)
fc, MPa feu, MPa d,mm aid P vu, Test 

MPa
vn, Calc. 

MPa
vn Cal./vu, 

Test
vn, Zsutty 

MPa
Zsutty/Test

47.00 55.29 216 1 0.0207 5.68 3.83 0.67 5.40 0.95
41.34 48.64 216 2 0.0207 2.07 2.25 1.09 2.05 0.99
103.76 122.07 216 1 0.0207 8.80 6.41 0.73 7.03 0.80
103.36 121.60 216 2 0.0207 3.71 4.07 1.10 2.79 0.75
60.00 70.59 270 1.5 0.0187 4.62 3.23 0.70 3.30 0.71
61.00 71.76 203.2 2 0.0393 6.46 4.39 0.68 2.89 0.45
61.00 71.76 203.2 1 0.0393 15.52 6.88 0.44 7.29 0.47
61.00 71.76 208 2 0.0177 2.11 2.61 1.24 2.22 1.05
61.00 71.76 208 1 0.0177 5.06 4.10 0.81 5.59 1.10
67.00 78.82 201.68 2 0.0504 4.17 5.48 1.31 3.24 0.78
67.00 78.82 201.68 1 0.0504 8.00 8.60 1.08 8.17 1.02
67.00 78.82 208 2 0.0225 4.63 3.25 0.70 2.48 0.54
67.00 78.82 208 1 0.0225 8.00 5.09 0.64 6.25 0.78
64.40 75.76 184.15 2 0.0664 10.56 6.39 0.61 3.51 0.33
64.40 75.76 206.5 2 0.0326 4.07 4.02 0.99 2.77 0.68
64.40 75.76 206.5 1 0.0326 9.34 6.32 0.68 6.98 0.75
25.10 29.53 298.45 1.5 0.0336 2.55 2.68 1.05 3.00 1.18
45.49 53.52 298.45 1.5 0.0336 6.85 3.95 0.58 3.66 0.53
71.51 84.13 298.45 1.5 0.0336 9.51 5.30 0.56 4.25 0.45
86.42 101.67 298.45 1.5 0.0336 6.07 5.99 0.99 4.53 0.75
88.39 103.99 298.45 1.5 0.0336 10.88 6.08 0.56 4.56 0.42
66.12 77.79 203.2 2 0.00352 1.00 0.96 0.96 1.33 1.33
66.12 77.79 203.2 1 0.00352 2.31 1.51 0.65 3.35 1.45
72.86 85.72 208.03 2 0.0047 1.33 1.24 0.93 1.51 1.14
72.86 85.72 208.03 1 0.0047 3.05 1.94 0.64 3.81 1.25
70.00 82.35 212.85 2 0.0053 1.28 1.30 1.02 1.55 1.21
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A p p e n d ix - D , C o n tin u ed

70.00 82.35 212.85 1 0.0053
69.00 81.18 279.4 2 0.012
69.00 81.18 279.4 2 0.025
55.00 64.71 171.45 0.52 0.0145
57.00 67.06 171.45 1.56 0.0145
70.38 82.80 171.45 0.52 0.0145
71.83 84.51 171.45 1.56 0.0145
82.45 97.00 220 2 0.0292
86.70 102.00 220 2 0.0194
90.95 107.00 220 2 0.0404
72.25 85.00 220 2 0.0292
35.98 42.33 220 2 0.0292
114.12 134.26 225 2 0.0292
120.00 141.18 225 2 0.0194
125.88 148.10 225 2 0.0404
100.00 117.65 225 2 0.0292
49.76 58.55 225 2 0.0292
69.00 81.18 230 2 0.012
69.00 81.18 230 2 0.025
39.72 46.73 216 3 0.0207
104.18 122.56 216 3 0.0207
60.00 70.59 270 3 0.0187
60.00 70.59 272 3 0.0101
60.00 70.59 267 3 0.0335
60.00 70.59 255 3 0.0467
60.00 70.59 270 4.5 0.0187
60.00 70.59 270 6 0.0187

2.16 2.05 0.95 3.92 1.81
1.60 2.20 1.37 2.03 1.27
2.23 3.54 1.59 2.59 1.16
7.79 5.15 0.66 12.08 1.55
4.34 2.58 0.59 2.83 0.65
8.17 6.04 0.74 13.12 1.61
4.17 3.00 0.72 3.05 0.73
3.21 4.40 1.37 2.90 0.90
2.74 3.48 1.27 2.57 0.94
3.72 5.79 1.56 3.34 0.90
2.28 4.04 1.77 2.77 1.22
2.15 2.57 1.19 2.20 1.02
3.21 5.43 1.69 3.23 1.01
2.74 4.30 1.57 2.87 1.05
3.72 7.15 1.92 3.72 1.00
2.28 4.99 2.19 3.09 1.36
2.25 3.17 1.41 2.45 1.09
1.69 2.20 1.30 2.03 1.20
2.43 3.54 1.46 2.59 1.07
1.33 1.39 1.04 1.42 1.07
1.67 2.12 1.27 1.95 1.17
1.55 1.59 1.03 1.57 1.01
1.25 1.21 0.97 1.28 1.02
1.72 2.05 1.19 1.91 1.11
2.20 2.38 1.08 2.13 0.97
1.45 1.33 0.92 1.37 0.95
1.33 1.17 0.88 1.25 0.94
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A p p e n d ix - D , C o n tin u ed

61.00 71.76 203.2 4 0.0393
61.00 71.76 203.2 3 0.0393
61.00 71.76 203.2 2.7 0.0393
61.00 71.76 203.2 2.3 0.0393
61.00 71.76 208 4 0.0177
61.00 71.76 208 3 0.0177
61.00 71.76 208 2.7 0.0177
61.00 71.76 208 2.3 0.0177
67.00 78.82 201.68 4 0.0504
67.00 78.82 201.68 3 0.0504
67.00 78.82 201.68 2.7 0.0504
67.00 78.82 201.68 2.3 0.0504
67.00 78.82 208 4 0.0225
67.00 78.82 208 3 0.0225
67.00 78.82 208 2.7 0.0225
67.00 78.82 208 2.3 0.0225
64.40 75.76 184.15 4 0.0664
64.40 75.76 184.15 3 0.0664
64.40 75.76 184.15 2.7 0.0664
64.40 75.76 184.15 2.3 0.0664
64.40 75.76 206.5 4 0.0326
64.40 75.76 206.5 3 0.0326
64.40 75.76 206.5 2.7 0.0326
64.40 75.76 206.5 2.3 0.0326
22.57 26.55 298.45 3.6 0.0336
29.51 34.72 298.45 3.6 0.0232
40.97 48.20 298.45 3.6 0.0336
45.27 53.26 298.45 3.6 0.0336

2.24 1.96 0.87 1.84 0.82
2.67 2.22 0.83 2.02 0.76
2.67 2.33 0.87 2.10 0.78
3.62 4.01 1.11 2.40 0.66
1.77 1.38 0.78 1.41 0.80
1.60 1.56 0.98 1.55 0.97
3.03 1.64 0.54 1.61 0.53
3.03 2.39 0.79 1.84 0.61
2.00 2.27 1.14 2.06 1.03
2.70 2.58 0.96 2.27 0.84
3.90 2.70 0.69 2.35 0.60
5.60 5.01 0.89 2.69 0.48
1.70 1.59 0.94 1.58 0.93
1.70 2.49 1.47 1.73 1.02
3.03 2.67 0.88 1.80 0.59
2.43 2.96 1.22 2.06 0.85
2.32 2.52 1.09 2.23 0.96
3.20 2.86 0.89 2.45 0.77
2.95 3.00 1.02 2.54 0.86
3.80 3.67 0.96 2.91 0.77
1.73 1.84 1.07 1.76 1.02
1.70 2.09 1.23 1.94 1.14
1.73 2.19 1.27 2.00 1.16
2.17 2.31 1.06 2.30 1.06
1.42 1.23 0.87 1.30 0.91
1.47 1.33 0.90 1.25 0.85
1.81 1.60 0.89 1.58 0.87
1.82 1.68 0.92 1.64 0.90
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A p p e n d ix - D , C o n tin u ed

81.50 95.88 298.45 3.6 0.0336
81.18 95.51 298.45 3.6 0.0336
88.45 104.06 298.45 3.6 0.0336
101.90 119.88 298.45 3.6 0.0336
99.89 117.52 298.45 3.6 0.0336
22.39 26.34 298.45 2.5 0.0336
49.12 57.79 298.45 2.5 0.0336
86.23 101.45 298.45 2.5 0.0336
91.10 107.18 298.45 2.5 0.0336
75.50 88.82 298.45 2.5 0.0336
66.12 77.79 203.2 4 0.00352
66.12 77.79 203.2 3 0.00352
66.12 77.79 203.2 2.7 0.00352
66.12 77.79 203.2 2.3 0.00352
72.86 85.72 208.03 4 0.0047
72.86 85.72 208.03 3 0.0047
72.86 85.72 208.03 2.7 0.0047
72.86 85.72 208.03 2.3 0.0047
70.00 82.35 212.85 4 0.0053
70.00 82.35 212.85 3 0.0053
70.00 82.35 212.85 2.7 0.0053
70.00 82.35 212.85 2.3 0.0053
20.70 24.35 279.4 4 0.006
20.70 24.35 279.4 4 0.012
20.70 24.35 279.4 4 0.025
40.02 47.08 279.4 4 0.01
40.02 47.08 279.4 4 0.012
40.02 47.08 279.4 4 0.025

1.97 2.17 1.10 1.99 1.01
1.97 2.17 1.10 1.99 1.01
2.06 2.25 1.09 2.05 0.99
2.20 2.40 1.09 2.14 0.97
2.15 2.38 1.10 2.13 0.99
1.71 1.79 1.04 1.46 0.85
2.60 2.98 1.15 1.90 0.73
2.45 4.29 1.75 2.29 0.93
3.91 4.45 1.14 2.33 0.60
4.53 3.94 0.87 2.19 0.480.50 0.70 1.40 0.85 1.69
0.68 0.80 1.17 0.93 1.37
0.76 0.79 1.04 0.96 1.27
0.91 0.88 0.97 1.02 1.12
0.62 0.83 1.34 0.96 1.55
0.91 0.94 1.04 1.06 1.16
1.00 0.99 0.99 1.10 1.101.15 1.13 0.98 1.26 1.090.58 0.86 1.48 0.99 1.70
0.83 0.98 1.18 1.09 1.31
0.90 1.02 1.14 1.13 1.25
1.13 1.19 1.05 1.29 1.14
0.74 0.41 0.55 0.69 0.93
0.92 0.72 0.78 0.86 0.94
1.12 1.00 0.89 1.10 0.99
0.95 0.89 0.94 1.01 1.07
0.96 0.96 1.00 1.08 1.12
1.34 1.33 0.99 1.37 1.03
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A p p e n d ix - D , C o n tin u ed

66.00 77.65 279.4 4 0.012
66.00 77.65 279.4 4 0.025
66.00 77.65 279.4 4 0.033
79.35 93.35 279.4 4 0.016
79.35 93.35 279.4 4 0.025
63.50 74.71 279.4 6 0.012
63.50 74.71 279.4 6 0.025
35.88 42.21 260 5.76 0.0065
37.32 43.91 235 6.38 0.0144
57.50 67.65 259 5.79 0.0101
56.03 65.92 231 6.46 0.0226
75.76 89.13 257 5.82 0.0145
75.97 89.38 229 6.55 0.0326
57.00 67.06 171.45 2.59 0.0145
52.11 61.31 171.45 3.63 0.0145
70.50 82.94 171.45 2.59 0.0145
72.73 85.56 171.45 3.63 0.0145
56.00 65.88 220 3.1 0.0249
65.55 77.12 230 4 0.012
65.55 77.12 230 4 0.025
65.55 77.12 230 4 0.033
80.04 94.16 230 4 0.016
77.97 91.73 230 4 0.025
63.48 74.68 230 6 0.012
63.48 74.68 230 6 0.025

1.21 1.20 0.99 1.27 1.05
1.39 1.66 1.19 1.62 1.17
1.62 1.88 1.16 1.78 1.10
1.31 1.48 1.13 1.49 1.14
1.41 1.80 1.28 1.73 1.22
0.90 0.99 1.10 1.10 1.22
1.28 1.36 1.07 1.40 1.09
0.58 0.60 1.03 0.75 1.29
1.12 0.82 0.74 0.96 0.85
0.76 0.89 1.17 1.01 1.33
1.35 1.20 0.89 1.27 0.94
1.05 1.18 1.12 1.25 1.19
1.92 1.60 0.83 1.58 0.82
1.53 1.48 0.97 1.49 0.97
1.25 1.23 0.98 1.29 1.03
1.71 1.63 0.95 1.60 0.94
1.15 1.42 1.24 1.44 1.26
1.32 1.72 1.31 1.67 1.27
1.21 1.20 0.99 1.27 1.05
1.40 1.65 1.18 1.62 1.15
1.64 1.87 1.14 1.78 1.08
1.34 1.48 1.11 1.49 1.12
1.41 1.79 1.26 1.72 1.21
0.92 0.99 1.08 1.10 1.20
1.29 1.36 1.06 1.40 1.08

Mean 1.04 1.00
St.Dev. 0.29 0.27
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